INTERIM SUMMARY REPORT
For The Period
1 JULY 1965 — 30 SEPTEMBER 1966

INVESTIGATION OF THE COMBINED EFFECTS OF

SPACE ENVIRONMENTAL PARAMETERS ON
SPACE VEHICLE MATERIALS

by
C. A. ESCOFFERY

October 1966
for

NASA
George C. Marshall Space Flight Center

Huntsville, Alabama

Contract No. NAS 8-20210
Control No. DCN 1-5-54-01211-01 (IF)

Approved by: Z;W

" E.F. Smith, Manager
Materials Technology Department

HUGHES AIRCRAFT COMPANY
AEROSPACE GROUP
RESEARCH AND DEVELOPMENT DIVISION
CULVER CITY, CALIFORNIA



FOREWORD

This report summarizes the first year's effort by The Materials
Technology Department of Hughes Aircraft Company, Culver City,
California under Contract Number NAS 8-20210 with the National
Aeronautics and Space Administration. The Contracting Officer's
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Engineering Physics Branch, Materials Division, Propulsion and
Vehicle Engineering Laboratory, George C. Marshall Space Flight
Center, Huntsville, Alabama.
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E. R. Haberland for assistance in circuit design; and to R. Y. Scapple

for supervision and consultation.
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SUMMARY

Details are presented of an environmental chamber designed and
built to perform selected in-situ property measurements on materials
exposed to a simulated space environment. The environment stresses
include vacuum (10-9 torr), electrons, protons, and ultraviolet radiation
The test samples are disc-shaped specimens (up to twenty-five) mounted
in suitable holders hinged along the rim of a turntable. The property
measurements include solar absorptance, dc resistivity, microwave
permittivity (dielectric constant and loss tangent), and thermal diffusivity
and conductivity.

A special integrating sphere that utilizes 99 percent of the internal
reflecting surface was designed and fabricated to measure solar absorp-
tance (by integration of spectral reflectance). The sphere was smoked
with magnesium oxide and checked out in air. Two thermal control
coatings (black and white, respectively) that had been calibrated in a
standard Gier -Dunkle integrating sphere were used to evaluate the
sphere. Agreement between the two instruments was good and within
the experimental error.

Studies made on dc resistivity of various materials indicated that
non-electroded specimens could be used. Microwave permitivity at 9. 28
9.28 GHz on these specimens were carried out in a special resonant-
cavity vacuum-dielectrometer. The effect of specimen diameter and of
specimen thickness on the permittivity values of a number of materials
was investigated. The magnitude of the systematic error in measured
values of dielectric constant as a function of specimen diameter was
found to correspond to calculated values. A review of the theory of the
TEOln resonant-cavity dielectrometer is presented.

Studies were conducted on thermal diffusivity measurements by
the flash technique. Improved results were obtained using photoflash
bulbs in place of a xenon flash lamp as the thermal pulse source.

Good agreement with known values was obtained on stainless steel and

on alumina specimens with soot-blackened front surfaces.



An irradiation run was conducted on 0. 3-inch thick non-electroded
specimens selected from eight material classes which include epoxy-
fiberglass laminate, silicone-fiberglass laminate, polyurethane resin,
epoxy-polyamide resin, SP-1 polyimide resin, FEP Teflon, TFE
Teflon, and polyethylene.

The specimens were irradiated with 1 Mev electrons to a total
dose of 108 rads. DC resistivity measurements were made in vacuo
during the course of irradiation. In addition, measurements were
made in air of pre- and post-irradiation microwave permittivity and
post-irradiation permittivity at 1 kHz.

Excluding the laminates, the specimens developed typical
Lichtenberg figures (''trees'). Most of the specimens also displayed
some darkening in color. The dielectric properties were not signifi-
cantly affected except for the polyurethane which showed a permanent
decrease in resistivity after 105 rads of dose, and the polyimide which
showed a permanent decrease in resistivity after 10 rads. The epoxy
laminate and the epoxy-polyamide resin displayed a resistivity decrease
after 106 rads but appeared to recover on further irradiation. The
resistivity of the polyethylene dropped after 108 rads but appeared to
recover after four weeks storage (in air). The resistivity of the FEP
Teflon and of the silicone laminate remained unchanged.

The permittivity values of the specimens were not significantly
affected except for the polyurethane which showed a slight increase in
dielectric constant.

Pressures in the environmental chamber during the irradiation

9

were generally kept in the 10™ ’ to 10"8 range, except for the final
stages of the run when higher dose rates had to be employed and a few
specimens showed outgassing. The polyurethane and the polyethylene
displayed outgassing at dose rates above 1. 8 X 104 rads/sec causing

7 to 10_6 torr range. At

the chamber pressure to rise into the 10~
3.6 x 104 rads/sec the FEP Teflon gradually began to show marked

outgassing and raised the chamber pressure into the low 10-5 torr

range.
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1.0 INTRODUCTION

This summary report covers effort on the subject research pro-
gram during the period 1 July 1965 to 30 September 1966, The general
objective of the research program is to obtain pertinent, valid, experi-
mental data of the effects produced on space vehicle materials by ultra-
low pressures, temperature extremes, and space radiation. Specific
objectives are outlined in the Contractual Statement of Work.

The underlying philosophy of the program is to perform in situ
property measurements on selected materials exposed to a simulated
space environment. The property measurements and corresponding
material classes are:

1. Solar absorptance on thermal control coatings and optical

films;

2, DC conductivity, dielectric constant, and dissipation factor

on dielectrics;

3. Thermal diffusivity and conductivity on thermal insulators.

The data generated will be for application to the engineering
design of space vehicles, To ensure a high level of statistical confi-
dence, twenty-five specimens may be mounted at one time on a '"'Lazy
Susan'' within a specially designed vacuum chamber, Property meas-
urements are made during the course of irradiation without removal of
the specimens from the chamber.

The space radiation to be simulated during the projected research
program will consist of ultraviolet light, electrons, and protons.
Specimen temperature will range from -195°C to +180° C, and pressures
will be in the 1077 to 10'9 torr range. In the irradiation studies
reported herein, the specimens were subjected at near room tempera-

tures to 1 Mev electrons in a vacuum of 10-7 to 10-9 torr.



2.0 EQUIPMENT DESIGN AND FABRICATION

2.1 ENVIRONMENTAL CHAMBER

To fulfill the objectives outlined in the previous section, a special
vacuum chamber had to be designed and fabricated. Figure 1l is a
schematic representation of the chamber and associated property
measurements and Figure 2 is a schematic cross section., Details of
the exterior envelope and vacuum equipment* are shown in Figure 3,
Figure 4is a photograph ofthe chambertaken whenit was{irst received.

The material test specimens are mounted on a '"Lazy Susan' turn-
table which can be turned to bring the specimens sequentially into a
temperature-controlled irradiation station. From the irradiation sta-
tion the specimens can be transferred to any of four property meas-
urement stations. Although the chamber and turntable were designed
around the property measurements described in the Introduction and
illustrated in Figure 1, the basic concept will permit other types of
measurements to be made in the future, Figure 5 is a schematic
representation of the dc resistivity and thermal stations, and Figure 6
of the dielectrometer station., The optical station is indicated in
Figure 2, These stations are described more fully in following sections.

The test specimens are disc-shaped ranging in thickness from
thin foil up to about 3/8-inch, Two diameters are employed, 2, 135
and 7/8-inch, respectively, The larger value is dictated by the micro-
wave resonant-cavity dielectrometer used for measurement of permit-
tivity. (The same diameter is also used on the dc resistivity
measurements,) The smaller value, used on the optical and thermal
specimens, is determined by the Gier-Dunkle integrating sphere and
hohlraum employed as standard instruments for spectral reflectance
measurements,

The test specimens are mounted in 25 holders hinged along the

rim of the turntable, as shown in Figure 7. The turntable is supported

b
Built by the Vacuum Tube Products Division of Hughes Aircraft
Company, Oceanside, California.
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Figure 4. Photograph of environmental chamber
(HAC Photo No. R108257).
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on ceramic (A1203) ball bearings lying in a groove on top of the sup-
port stand, The latter is a 5-leg pedestal anchored on an annular plate
along the inside wall of the chamber. Details of the turntable and of
the turntable support stand are shown in Figures 8 and 9, respectively.
The turntable support stand is provided with 5 station-positions
where the specimen holders come to rest at predetermined angles. A
guide rail dictates the angular position of the holders. The following

settings were selected for the property measurements outlined herein:

Declination
Station Measurements Angle

1. Radiation (Temperature-controlled 45 degrees
irradiation)

2. Thermal Thermal diffusivity 0 degree
Thermal conductivity

3. Dielectric Microwave dielectric constant 20 degrees
Microwave loss tangent

4, Optical Solar absorptance 20 degrees
Spectral reflectance

5. DC Resistivity DC volume resistivity 0 degree

Pumping of the chamber is accomplished by a 400 1/sec sputter-
ion pump in combination with a titanium sublimation pump. The latter
consists of six titanium filaments that are electrically heated on an
optional duty cycle that can be set to operate for 1 minute out of each
2" minutes, where n is an integer ranging from 0 to 7. The pumping
speed of the combined ion-pumping and titanium sublimation is esti-
mated as about 6000 1/sec (for nitrogen).

Roughing down of the chamber prior to activating the ion pump
is accomplished by three cryosorption cylinders attached to a common
manifold outside of the chamber. A bakeable 1-1/2 inch valve isolates
the chamber after it has been roughed down. The absence of oil pumps
(mechanical or oil-diffusion) is intentional, to avoid the possibility of

contaminating the chamber and the test specimens.
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When the chamber was first completed, it was given a vacuum
checkout in an empty condition, that is, without the turntable or speci-
mens. After a preliminary bake, a pressure of 5 x 10-9 torr was
obtained after 3 hours of pumping. Subsequently it has been possible
to achieve pressures in the 10-10 range with specimens in thegchambe;‘.

to 10

range,depending on the outgassing characteristics of the specimens, on

Most of the irradiation experiments were conducted in the 10~

the radiation dose-rate being applied, and on whether the titanium was
subliming or not.

As the titanium sublimation pumping is most effective when LN2
is circulated through the cryogenic shroud, LN2 flow was always used
during the irradiations. This imposed one disadvantage, however, for
the specimens radiated some heat to the shroud and their measured
temperature tended to be about 10°C rather than room temperature,

In the future, a thermal baffle can be inserted between the specimens

and shroud.

2.2 IRRADIATION STATION

Details of the irradiation station are given in Figure 10. The
station can be seen in the photograph of Figure 7. During irradiation,
a spring-loaded annular clamp holds the specimen firmly against a
thermal sink. The clamp is provided with a 2-inch diameter window
to permit the radiation to bathe most of the top face of the specimen.

A pneumatically operated bellows is used to unclamp the test specimen.
and free it to move (within its holder) to a property measurement
station.

Thermocouple wells in the heat sink and in the clamp are designed
to hold thermocouples that contact the rear face and the top periphery
of the specimen. The thermocouples are cemented into place with an
aluminum phosphate binder. For irradiation at low temperatures
(ca. -195°C) one can use liquid nitrogen; for the high temperature

(+180°C) studies a suitable thermostatting fluid may be used.
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As shown in Figure 10, the original design of the fluid feeds for the
heat-sink support-block, and the compressed NZ (or air) feed for the
bellows called for 1/4-inch rigid stainless steel tubes. These tubes
provided excessive drag on the up and down movement of the heat sink.
To overcome this problem they were removed and replaced by flexible
metal hose*. Connection of these conduits to the heat sink and to the
vacuum flange on the chamber wall was made with Imperial 37-degree
flared fittings.

With 15 psi in the bellows (corresponding to vacuum conditions
in the chamber), the clamp-window compresses the specimen firmly
against the support block. With an additional 30 psi, the clamp rises,
the support block recedes slightly, and the specimen holder (and
specimen) is disengaged and free to move.

The project plans call for irradiation with ultraviolet light, with
protons and with electrons, singly and combined. To satisfy these
requirements, it was felt desirable to design the station around a 45-
degree specimen position. Depending on the radiation source, the
radiation could be brought either directly into the chamber by direct
vacuum-coupling or transmitted in through a suitable window (e. g.,
sapphire for the ultraviolet light).

To utilize the 1 Mev electron beam generator available at Hughes
Aircraft Company, it was decided to utilize a thin foil window in the
top, horizontal, radiation part of the chamber (see Figure 3). It had
been hoped to use a beryllium window ina conventional stainless steel
flange. After several unsuccessful attempts to obtain a vacuum-tight
seal, the LND Corporation (Long Island, New York) supplied us with a
2-1/2 inch diameter, 5-mil beryllium foil window sealed in a 4-1/2
inch outside diameter vacuum flange. After checking the system out
with a leak detector, it was mounted on the chamber and subjected to
a pumpdown. Unfortunately, about 30 minutes later the window failed

and shattered into numerous small pieces. Attempts to develop a

*
Flexonics Division of Calumet & Hecla, p/n 0320-016-500
with 1/4-inch AN 818 swivel nut at each end,
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large area window from beryllium were discontinued in favor of
titanium (6-mil foil).

Again, it was found difficult to obtain a reliable seal of the foil
to the stainless steel. Various designs and fabrication procedures
were tried that included vacuum furnace brazing, induction brazing and
electron beam welding. Since titanium is very reactive and combines
readily with active elements and compounds, it must be protected from
air and other active gases during brazing operations.

Titanium also reacts very rapidly with practically all of the
brazing filler metals, and this reaction causes the formation of inter-
metallic compounds in the joint. When excessive amounts of these
intermetallic compounds are present, the shear strength and ductility
of the joints are lowered. Fine silver was used as the filler metal. It
wets and adheres readily to titanium and is free flowing at temperatures
above 1760°F. The TiAg compound that is formed is less harmful to
the properties of the brazed joints than are some other compounds.
Silver plating was also used to cover the surfaces of the stainless steel
flange and of intermediate steel retaining rings.

Success was finally achieved by constructing the entire vacuum
flange (4-1/2-inch OD by 2-1/2-inch ID) out of titanium stock and then
electron beam welding the 6-mil titanium foil over the 2-1/2 diameter
opening. An elegant, neat and vacuum-tight window resulted. Details
of the window are shown in Figure 11.

To insure that specimens within the chamber other than the test
specimen do not receive a significant dose during irradiation periods,
adequate shielding and collimation must be provided. For the irradia-
tions with the 1 Mev electron generator, the electron beam was passed
through a hole bored in an aluminum plate (outside the chamber) at the
generator window, and then through an aluminum collimating tube (inside
the chamber) extending from the chamber window to the specimen stand.
Distance from the generator to the specimen was set at 10 inches of

which 3 inches were through air.
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2.3 OPTICAL PROPERTIES STATION

Figure 12 outlines the optical station to be used for measuring
the solar absorptance of thermal control coatings. Spectral reflectance
" values are obtained by means of an integrating sphere that is raised and
lowered pneumatically. Numerical integration of spectral reflectance
values over the 0. 29 to 2. 6 micron range yields the solar absorptance.

Monochromatic light enters the integrating sphere via a sapphire
window, strikes the specimen surface along the lower edge of the sphere,
and after successive internal multireflections is picked up on a suitable
detector., The test specimen is inclined at an angle of 20 degrees from
the horizontal to minimize energy loss by specular reflection back
through the entrance port.

Figures 13 and 14 are photographs of the integrating sphere,
Figures 15 and 16 give details of the design, and Figure 17 describes
the support and pneumatic lift mechanism. The square support rods
shown in Figure 14 were subsequently changed to round pins.

Appendix B analyzes the sphere design in detail. Over 99 per-
cent of the internal surface is utilized for reflections, and high accuracy

and precision for solar absorptance measurements can be expected.

2.4 THERMAL PROPERTIES STATION

Measurements of thermal diffusivity and thermal conductivity
can be made using a ''pulse' technique. 2 This method lends itself
readily for studies in a vacuum chamber. For a pulsed energy source,
it is possible to use a xenon arc lamp, a laser, or, described in
Section 4. 2, a photographic flash bulb.

Insufficient time was available to finalize the design of the thermal
properties station and install it in the chamber. A number of explora-
tory studies were done in air, outside of the chamber, however, and

these are reported in Section 4. 2.

2,5 DC RESISTIVITY STATION

It was recognized from the outset that measurements of resistivity

(and also of dielectric properties such as dielectric constant and loss)
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Figure 13. Interior view of integrating
sphere. (HAC Photo No.
R106231).

Figure 14. View of assembled integrating
sphere (without detector) (HAC
Photo No. 106230).
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would have to be made directly on test specimens without attached
electrodes; i. e., electrodes applied by vacuum deposition, conductive
paint, or pressed foils, for instance. This requirement was imposed

by the need to keep the surfaces free to the irradiation.

The method proposed3 for measuring permittivity was a micro-
wave resonant-cavity technique which uses non-electroded specimens,
but the test specimens are fairly thick, on the order of 3/8-inch. Con-
sequently, it was felt desirable that any proposed dc volume resistivity
technique should be applicable to fairly thick specimens., Exploratory
experiments were therefore made on non-electroded thick specimens,
using the guard-ring technique outlined in standard procedures.

These studies, described in Section 4. 3 were successful and allowed
us to design and build the set-up used in the environmental chamber,

Figures 18a and 18b present details of the resistivity station,

The cross section of the lower half is such that it can be installed or
removed through the flanged opening in the side of the vacuum chamber,

Figures 19 and 20 illustrate a specimen in the resistivity sfation.
Under remote control, the pneumatically-operated bellows expands,
raises the lower (guarded) electrode and presses the specimen against
the upper, fixed, electrode. The latter can be prepositioned by means
of an adjustable jam nut. The contact area of the guarded electrode is
10 cm ™.

Figure 21 illustrates the electrical circuit used in measuring dc
resistivity, The voltmeter is provided with two scales covering the
range 0-500 and 0-1500 volts, respectively. The electrometer, Keithley
Model 210 with Model 2008 decade shunt, can be read to 8 x 107 1°
amperes full scale. Minimum detectable reading is about 8 x 10~

15

amperes.

2.6 DIELECTROMETER STATION

One of the objectives of the program is to measure the complex
permittivity of specimens exposed to a simulated space environment,
The complex permittivity, e*, is defined by

e* =¢g' - je" (1)
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Figure 19. DC resistivity station, open
(HAC Photo No. R109775).

Figure 20. DC resistivity station, closed
(HAC Photo No. R109773).
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Figure 21. Circuit diagram for measuring dc resistivity.

The real part, €', is called the dielectric constant. Itis more con-
venient, however, to measure and express itinterms of its value relative
1
to the permittivity of vacuum (60). The relative dielectric constant, e ,

is thus defined by

1 I
eO

and is obviously a pure number,

The imaginary part of Equation (1), €', is called the loss factor.
Again, it is more convenient to express it in terms of its ratio to the real
part, yielding the loss tangent, defined by

€1I

tan § = = (3)
€
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where 8, the loss angle, is the angle between the total current vector
and the charging current vector. The loss tangent is also called the
dissipation factor.

While the permittivity of vacuum is a constant (8. 854 x 10-12
farads/m), the permittivity of air varies with temperature, pressure
and moisture content. For many purposes, however, the two values
can be considered equal, and it is common to assign a value of 1 to the
relative dielectric constant of air. (According to Reference 5, dry
air has a value of 1. 000569, )

Microwave methods of measuring permittivity are particularly
convenient because the test specimens do not require electrodes. In
our program, the measurements are made at 9. 28 GHz (9. 28 X 109 cps)
in a res%nant cavity TEOln dielectrometer designed and fabricated pre-
viously. Figure A-2 (in Appendix A) is a photograph of the dielectrom-
eter, and Figure 22 is a cross-sectional drawing. Details of the
instrument have been presented elsewhere, 7

A review of theory of operation of the TEOln dielectrometer

was given earlier ™’

and is reproduced in Appendix A for convenience.
In essence, the circular-cylindrical cavity is tuned to resonance by
means of a non-contacting micrometer plunger which forms the lower
end of the cavity, A disc-shaped material specimen of known thickness
is placed on top of the plunger and the cavity is retuned. The relative
dielectric constant is then obtained from the shift in resonance length
and the loss tangent is calculated from the half bandwidths of the
resonance peaks, under empty and loaded conditions, respectively.
Although the instrument may be operated in air or evacuated,
during the study period covered by this report the test specimens
were measured in air. To conduct measurements during the course
of irradiations, the instrument would be directly coupled to the environ-
mental chamber and operated under vacuum, A proposed system for

transferring the specimens between the chamber and the dielectrometer

is shown schematically in Figure 6, and in more detail in Figure 23.
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The circuit used for measuring permittivity with the dielectrom-
eter is shown in Figure 24. A photograph of the dielectrometer
assembly and associated electronic components is shown in Figure 25,
Here, the instrument was being used in a study of in situ permittivity
measurements of specimens in vacuum under ultraviolet irradiation,

Specimens to be measured in the dielectrometer are prepared in
the form of flat (within 0. 001 inch) discs, 2. 135 inches in diameter, and
of a thickness, b, approximately half of the wavelength Ag in the speci-
men. The specimen wavelength, )‘s’ is determined from the

expression

A = (4)

where )\0 and Bo are the free-space wavelength and phase constant,
respectively, E:'S' is the specimen's relative dielectric constant, and
k is the transverse wave number. These terms are further defined
and discussed in Appendix A.

The calculations required to derive the relative dielectric

constant and loss are well established.g’ 10

As shown in Appendix A,
the dielectric constant of the specimen relative to that of the dielectric

filling the cavity is given by

' 2 2 2 2
€ Bs + k By + k tanz 5
PR 2 1 - 2 4 (5)
g Bg + k B
where
Bs = phase constant in the specimen
Bg = phase constant in the cavity (guide) and
k = xl/a,
where Xy the least root of the Bessel function Jl(x), equals 3, 83171,

and a, the cavity radius, is 1.08045 inches for the present dielectrometer,
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Figure 24, Block diagram for measuring permittivity in
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microwave dielectrometer.
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The specimen phase-constant, Bg, is obtained by solution of the

transcendental equation

t b t 4L -b t 2\ _-Db
Sl DLl M ) (6)
s g Bg

where b is the specimen thickness, 4 is the TEOlS resonance length
with specimen inserted, X =4 -2\ =P - TE,,,, P is the micrometer

reading for the TE peak with specimen inserted, and TE,, is the

015
micrometer reading of the TE014 peak in empty cavity.

The cavity phase-constant, Bg’ is obtained from the measured

guide wavelength, )\gs of the empty cavity by

2 n

8, =0 = . ()
g Ay (TEg 5 -TEg )

The loss tangent is calculated by the expression

tan 6 = ——b—— - (AL - C) (8)
802 e, BZ b

where E-s' is obtained from the first term of Equation (5), B is given by

1
2 2
Bs 2
B = 1 + > - 1 cos Bsb (9)
Bg

b' is a modified specimen thickness, related to the actual thickness, b,

by
sin ZBsb
1
b'=b |1 e (10)

and C is a correction term, generally small with respect to M, the

half-power bandwidth. The term C is given by
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B” 8 2
c=2 a1+ =)+ (B2 b+ a) (11)
i P

where L' is a modified cavity length given by

sinZBg(&-b)> 12)
1

L= (4 - b) (1- AIMUELY)
g

d is the skin depth of the cavity walls, and a is the cavity radius.
In Equation (8), the quantity d/a cannot be taken from a theoreti-
cal calculation, but must be obtained from Q-measurements on the empty
cavity, through the expression
2

i . AL
2 2/ a L
K+ 2 gy (T)

d
5= (13)

where AL is the half -power bandwidth of the empty cavity, and L is the
resonant length,

Figure 26 illustrates a typical resonance curve for the cavity
filled with air. When the dielectrometer is evacuated, the bandwidth is
somewhat smaller.

From the value of AL one can calculate the cavity Q, through the

expression
3 2
1__"8 AL :
Q" L (14)
Bs

Using this equation for the conditions of Figure 26, a Q value of
23,600 is obtained.

Since the calculations involved in computing the dielectric con-
stant and loss tangent are laborious, they have been programmed for a

high speed electronic computer.
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3.0 DOSIMETRY AND RADIATION CHARACTERIZATION
FOR THE ELECTRON BEAM GENERATOR¥*

3.1 INTRODUCTION

Dosimetry measurements inside the test chamber consisted
primarily of variation of absorbed dose rate with electron beam cur-
rent, planar dose distribution at the sample test position, and electron
beam energy. In addition, measurements were made of the relative
electron and bremsstrahlung dose at several locations throughout the
chamber. The techniques used for the measurements were silver-
activated phosphate glass fluorods, lithium fluoride thermoluminescence
phosphor, and photographic film. Electron dose measurements were
made with unshielded dosimeters while bremmstrahlung measurements

were performed under conditions of photon-electron equilibrium.

3.2 DOSIMETRY TECHNIQUES

The silver -activated phosphate glass fluorods are 1 mm in
diameter and 6 mm long and are supplied by Bausch and Lamb.
Radiation-induced luminescence is measured with a Turner fluorometer.
Calibration of the system is accomplished by first exposing a repre-
sentative group of fluorods in photon-electron equilibrium packages to
a known cobalt-60 gamma-ray flux and then calculating the absorbed
dose. A typical calibration curve is shown in Figure 27, The useful
dose range of this system is 102 to 104 rads,

The Controls For Radiation Corporation Thermoluminescence
Dosimetry System is used by the Dosimetry Laboratory. This system
utilizes lithium fluoride as the phosphor which may be packaged in a
variety of configurations and amounts, Precise amounts of irradiated
phosphor are heated to a prescribed temperature, and an automatic

readout of the luminescence is obtained. The system was calibrated

*
This section contributed by the Radiation Effects Dosimetry
Laboratory, Hughes Aircraft Company, Fullerton, California.
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in a manner similar to that for the fluorod system. A typical calibration
curve is shown in Figure 28. The dose range of the TLD system is
10 to 10° rads.

The photographic film used for these experiments was duPont
Type 1290 having a sensitivity range from 10 to 1000 rads depending
upon the radiation energy. The relative density of exposed film is
measured with a MacBeth-Ansco Densitometer. This system is also
calibrated with a standard cobalt-60 gamma-ray flux. The dose ranges
selected for film exposures provided a relative sensitivity of about

=10 percent.

3.3 MEASUREMENTS

The test chamber is designed for irradiation of one sample at a
time. In order to ensure that samples within the chamber other than
the test sample do not receive a significant dose during irradiation
periods, adequate shielding and collimation must be provided. This was
accomplished by passing the electron beam through a 2-inch hole bored
in a 1/8-inch aluminum plate at the generator window outside the cham-
ber and then through an aluminum collimating tube inside the chamber
extending from the chamber window to the sample stand.

Dose rates were measured at the center of the sample test
position for several different values of electron beam current using the
thermoluminescence dosimeters (TLD). The aluminum plate was used
as the beam monitor. The TLD phosphor was packaged in thin poly-
ethylene envelopes. A plot of the results is shown in Figure 29,

The planar dose distribution at the test sample position was
measured with unshielded glass fluorods and photographic film. Initial
measurements indicated a slight misalignment of the sample position
with respect to the collimated beam. When this was corrected, addi-
tional measurements revealed a uniform dose distribution within 10 per-
cent over the test sample area. It was also found that beam alignment
could be accomplished quickly and easily by exposing glass discs.

An estimate of the electron energy spectrum was made from

measurements with TLD phosphor and varying thicknesses of aluminum
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Figure 29. Dose rate versus beam current (Al plate

monitor),

absorbers at a constant total dose. Calculations of the energy spectrum
were made from electron range-energy relationships. The results of
the calculations are presented in Table 1. The minimum penetrating
energy was calculated assuming a maximum range equal to the absorber
thickness. The fraction of electrons with energies less than the mini-
mum penetrating energy was determined from the ratio of the response
of an unshielded to dosimeter to the various responses of the shielded
dosimeters. Since the maximum machine energy is 1 Mev, this ratio
was assumed to be 1. 0 at that energy. In addition to the aforementioned
measurements, the ratio of bremsstrahlung dose to electron dose was
determined, and an evaluation of the relative accumulated chamber back-
ground was performed. The dose ratio was measured at several loca-
tions in the chamber with both film and TLD by observing the relative
response with and without a 430 mg/cm-2 aluminum absorber. This ratio

did not exceed 0. 01 with either dosimeter type.
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Absorber
Thickness Minimum Penetrating
(mg/cm?) Electron Energy (Mev)

Fraction of Electrons With
Energies Less Than
Minimum Penetrating Energy

430 1.0

70 0.3
| 50 0.2
| 20 0.1

1, 00
0. 55
0. 35

0. 10

Table 1. Calculations of electron energy spectrum.

Chamber background measurements were performed with unshielded

packages of TLD phosphor placed at several sample locations throughout

the chamber. The purpose of these measurements was to determine the

dose accumulated by samples not in the direct electron beam during

irradiations. Table 2 gives the dose relative to the direct beam for the

locations examined. The direct beam was located in sample position 0

during these measurements.

Sample Position

Relative Dose

0. 002
0. 001
0. 001
0. 00004
0. 00001
0. 00003
0. 001
0. 002
0.003

Table 2, Chamber background dose measurements.

For a plan view of the specimen position layout on the turntable,

see Figure 47 in Section 4. 5.
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4.0 EXPERIMENTAL RESULTS

4.1 STUDIES ON THE MEASUREMENT OF OPTICAL PROPERTIES

To measure solar absorptance of, for instance, thermal control
coatings, use is made of the integrating sphere described in Section 2. 3.
The measurement requires the determination of spectral reflectance
over the spectral region of 0.29-2. 6 microns and numerical integration.

That is, since the coating is opaque:

(15)

where ay and oy denote the spectral absorptance and spectral reflectance,
respectively., Then the value of solar absorptance, o is given by

c,s=1-2 DXAX (16)

The reflectance of the specimen at each spectral point is normalized with
respect to the total reflectance of the instrument.

Preliminary studies were directed to developing suitable tech-
niques for optimizing signal strength and detector sensitivity., Readout
of signals depends upon proper conversion, sufficient amplification of
the signal, and proper differentiation of the signal from noise.

Differentiation between signal and noise is important because the
light sources and detectors are inherently noisy (due to a number of
reasons), 1 and because signal strength in certain regions of the spec-
trum (notably in the UV) is quite low approaching the noise level,
Figure 30 shows the UV output of three light sources. 12 Various light
sources were tried and best results were obtained with a 150-watt
xenon-arc lamp.

To improve matters, the light beam is chopped (13 cps), and a
tuned preamplifier -amplifier and tuned bandpass filter were employed.
The system used is the result of extensive testing, As a final test,

the system was compared to a Perkin-Elmer Model 107 amplifier and
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Figure 30, Comparison of the UV output of three sources.
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the readout system used on a Perkin-Elmer monochromator. The

results are shown below:

Perkin-Elmer Hughes Aircraft
Amplification 109 1012
Accurate readout(a) 10-8 volts 10-11 volts
Noise level(b) 0. 02 uvolts 10 wuvolts

(a) This portion of the test was unfair to the PE system
since a strip chart recorder was used in the PE read-
out while the Hughes system used an integrating
digital voltmeter.

(b) This comparison was at 3 microns wavelength, and
again note (a) applies.

Undoubtedly, the Hughes system was favored by the use of an
integrating digital voltmeter* which eliminated a great portion of the
noise. While both systems became saturated at maximum sensitivity,
the Hughes system also saturated at minimum sensitivity and additional
attenuation was required.

Readout on our Hughes system may be accomplished by an oscil-
loscope, strip chart recorder, or digital voltmeter. The latter has
numerous advantages, such as noise reduction, capability for further
readout, and the ability to read out in computer language. Figure 31
depicts the signal flow from the light source to the final readout with
provisions for direct computer talculations.

Electronic and mechanical modulation of the xenon light source
was compared. It was found that:

1. Electronic modulation gave more constant frequency.

2. Electronic modulation could be tuned to the detector's best

frequency response.

3. Electronic modulation created an r-f signal to which the

detector responded.

*Model 5200, manufactured by Hughes Aircraft Company,
Vacuum Tube Products Division, Oceanside, California.
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Figure 31. Signal flow-chart, optical measurements.
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4. The r-f signals could not be differentiated from the optical
signals at certain wavelengths, noticeably in the ultraviolet.
It was decided that mechanical modulation was preferable to electronic
modulation.

It had been hoped to use a (Reeder Co. ) thermopile as a flat-
response detector throughout the entire spectral range of interest but
this proved unsuccessful. Our studies indicated that the integrating
sphere reduces the signal by a factor of 1000 or more, in agreement
with work done elsewhera.13 This large energy loss, coupled with the
thermopile's inherently low value of detectivity, 1 indicated that a
thermopile detector was not practical.

Other detectors were then investigated. As shown in Figure 32,
the detectivity of Si detectors and photomultiplier tubes is about

1011 to 1012 cm cpsl/z W-l, and that of PbS about 1010 to 1011 cm

1/2 W-ll The detectivity of a thermopile11 is only of the order of

109 cm cpsl/2 W_l.

cps
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Figure 32. Detectivity of typical detectors.“
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Phototubes have a smaller signal-to-noise ratio than photocon-
ductive or photovoltaic cells. A small silicon p-n photodiode, said to
be suitable between 300 - 10, 000 Angstroms, was satisfactorily
tested in the laboratory with a 150-watt xenon light source over the
range 2000 - 10, 000 zzx in the photovoltaic mode. To cover the desired
spectral range (0.29 - 2. 6), it would be desirable to develop a dual
solid-state detector (e.g., Si and PbS) mounted on the same base,
with electronic switching performed outside the vacuum chamber at
the amplifier -readout station.

A single-beam quartz prism Leiss monochromator was used
in initial studies. Later, when a Leiss double-prism monochromator
became available it was calibrated and readied for use. Calibration
was performed with EG&G model 580/585 grating spectro radiometers
with a resolution of 0.0l micron. The signal from the Leiss instru-
ment was passed via the EG&G spectrometer into the detector at 50 mu
intervals. The results are shown in Figures 33 and 34.

Time was not available to install the optical integrating sphere
in the vacuum chamber and conduct solar absorptance measurements,
but we were able to check out the instrument in air using a PbS
detector. The interior surfaces of the sphere were smoked with
magnesium oxide, and monochromatic light was obtained from a
tungsten filament and a Perkin-Elmer model 98 monochromator.

The spectral reflectance of two thermal control coatings was
measured and compared with the values previously obtained on a
standard Gier-Dunkle integrating sphere. The results are shown in

Figure 35. Agreement is quite good and within experimental error.
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PERCENT REFLECTANCE

50 -
40 |-
30
20}
—=~O—— SMALL VACUUM INTEGRATING SPHERE
— =~ — GIER DUNKLE INTEGRATING SPHERE
10
BLACKSILICATE
=T T T R T T T o e —— —_———a
o | 1 { 1 1 1 1 1 1
0.4 0.6 0.8 1.0 1.2 1.4 1.5 1.6 1.8 2.0 2.2
A IN MICRONS

Figure 35. Comparison (in air) of small vacuum integrating sphere
with Gier-Dunkle integrating sphere.
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4.2 STUDIES ON THE MEASUREMENT OF THERMAL PROPERTIES*

The conventional methods of measuring thermal diffusivity and
thermal conductivity are slow and laborious. When these methods are
adapted to measurements in vacuum, construction problems are multi-
plied many times.

Parker et al2 have adapted the thermal pulse method of Angstrom
to pulses shorter than obtained by Hirschman, Derksen and Monahan., 14
The thermal pulse was obtained from a xenon flash lamp. Later obtained
extensions employ a laser. 15 Penneman 16 has used the thermal pulse
from a solar furnace and Jenkins 17 has used the pulse technique for
measurements in the presence of 2 Mev electrons. Cunnington et all8
have usedalaser to determine thermal diffusivity of graphites and chars.

The method depends upon measuring the temperature rise of the
back surface of a sample due to the passage of the thermal pulse through
the sample. If the thermal pulse input time is short compared to the
time for passage through the sample, the specimen may be treated
mathematically as an infinite slab. A large advantage of the technique
is that the heat input need not be known for thermal diffusivity measure-
ments. Parker et al 2 calculated two dimensionless parameters from

the treatment of Carslaw and Jaeger. These parameters are:

V (L, t) = T_,}E_t_) (17)
m
and
W = jul g't (18)
L
where

Q is the thermal diffusivity,

L is the thickness of the specimen,

s«
This section contributed by G. R. Blair.
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t is the time,
T is the front surface temperature, and

Tm is the back surface temperature.

The authors plotted V versus W and suggested two ways to deter-

mine Q:

1. At half maximum temperature rise V= 0.5, W= 1,37 and

hence

2
o= 1.237L (19)

Ttz

where tl/Z is the time taken to reach half maximum
temperature.
2. tx’ the extrapolated intercept on the time axis at zero tempera-

ture rise, occurs at W = 0.48, and therefore

2
Q= 0.428 L (20)

™t
x

Once Tm has been measured, the thermal conductivity may be

obtained from the following equation

DC = —— (21)

and

K =a DC (22)

where

o
n

density
C = heat capacity
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Q = energy absorbed at front surface
K = thermal conductivity, and

a = thermal diffusivity

The curve of V versus W is obtained experimentally from the
oscilloscope trace of the temperature history of the backface of the
sample.

The technique may be adapted to vacuum systems with minimum
effort. The transmission of the energy may be carried out through a
suitable window in the chamber wall,

The major problem with this technique is in the amplifier. In
exploratory studies, many different amplifiers were tried but the com-
bination of a Tektronix RM 122 preamplifier and a Tektronix 53/54E
low-level differential amplifier gave best results. The specimen was
encased in a copper housing to eliminate pickup from the flash tube
discharge. Shielding of all wires is also most important to remove
specimen signal from the flash lamp discharge.

Subsequently, the noise problem was solved by building a special
differential amplifier using semiconductors and battery power. The
unit was enclosed in a metal box to remove specimen pickup. The
amplifier has a (maximum) amplification of 100 and noise in the 4 to 8
microvolt region.

Using a GE FT-320 flash lamp no thermal pulse could be detected
on the backface of the target. The use of Sylvania Blue Dot photoflash
bulbs generated a sufficiently sharp rise time so that excellent traces
of the thermal diffusivity could be obtained.

Because the photoflash bulb has a long pulse duration, when the
photoflash bulb is used as the pulse source, the tx in Equation (17), is
used rather than the time to half maximum temperature rise of Equation
(16). This method is favored by Taylor.19

Figure 36 shows the trace obtained on 0.062 aluminum (6061)
using the photoflash bulb. The shape of the curve is identical with the
theoretical curve. Each time unit is 5 milliseconds. Figure 37 is a

trace of light output versus time for the Sylvania Blue Dot bulb. Each
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Figure 36. Rear face temperature rise
of 0,062'" aluminum (time
on horizontal axis, 1 cm =
10 milliseconds).

Figure 37. Time trace of Sylvania Blue
Dot photoflash bulb (time on
horizontal axis, 1 cm =
1 millisecond).

(Polaroid photos)
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time unit is one millisecond. The sharp rise time is quite adequate for
the purposes of this test.

The use of the flash bulb enables the geometry of source and target
to be altered a little more than if a xenon flash bulb were used. Incor-
poration of an ellipsoidal mirror of proper focal length will enable the
source to be placed outside the vacuum chamber, at a reasonable dis-
tance from the target.

Using the photoflash bulb technique, some thermal diffusivity
measurements were made in air. Target specimens included stainless
steel, aluminum, fiberglass laminate, copper, brass, and alumina.
Values of thermal diffusivity for stainless steel and for alumina have
been calculated from the measured data. These values (in units of
cmZ/sec) are shown below and compared to known values. The agree-

ment is quite good.

Experimental Literature
Stainless Steel 0.0352 0.0341
Alumina 0.0966 0.96

These values were obtained on specimens with soot-blackened
front surfaces 1 inch away from the Blue Dot photoflash bulb. Although
the diffusivity value for brass has not yet been calculated, the heat
transfer rate through the brass specimen is less than through aluminum,
as it should be.

Some tests have been conducted with the heat source at varying
distances from the specimen. The specimen temperature follows the
l/r2 law quite well. It is rather obvious that a reflector and lens will
be required to place sufficient energy at the specimen surface nearly 6
inches or more away.

A few tests were conducted with a Pyrex window between the
flash bulb and specimen. These, at the moment, show that the Pyrex
window may be used. An anomaly — based on two tests — is that the
temperature rise is higher with the window between the flash bulb and

specimen. This has not been resolved at this time.
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The thermal pulse has also been applied to a 1/2 inch thick stain-
less steel specimen. It required 1.1 seconds for the pulse to be trans-
mitted and detected on the rear face.

The temperature measurement in all these tests were made with
thermocouples attached to the specimens. A more convenient thermal
transducer is required, however, before the pulse-technique can be
successfully used in the environmental chamber. A sensitive IR
detector in close proximity to the specimen rear surface may be a

possible solution.

4.3 STUDIES ON THE MEASUREMENT OF DC RESISTIVITY

Figures 38 and 39 are photographs of a breadboard set-up that was
used in preliminary exploratory measurements of dc resistivity. As
discussed in Section 2.5, the specimens do not have permanent elec-
trodes. Contact is made by pressing smooth copper electrodes on the
two opposite faces. The electrical circuit used is shown in Figure 21
(Section 2. 5).

A number of resistivity tests were run giving consistent results
for the same material. The results compare favorably with published

values. We illustrate below values obtained on three specimens:

Volume Resistivity, {l-cm

Material Measured Published (Ref)
H-film (Kapton) >1018 >10l8 (20)
Polyethylene film >1018 1 x 1018 (21)
FEP film >1018 >1018 (22)

Upon completion of the resistivity station described in Section 2.5,
measurements were made on a number of dielectric specimens prior to
testing the specimens designated for electron irradiations. The

resistivity, p, is calculated by the usual formula:




Figure 38.

Breadboard set-up for preliminary dc resistivity
measurements. (The microammeter in the center

has been converted to a two-scale voltmeter,
0-500 and 0-1500 volts.) (HAC Photo No. R106158).




~

Figure 39. Electrode configuration
for preliminary dc resis-
tivity measurements
(HAC Photo No. R106159).

where R is the resistance, A the electrode area, t the specimen thick-
ness, V the applied voltage, and I the current. For our set-up, A
equals 10 cm2 and V was 1000 volts dc.

The specimens tested in Run No. 1 (Section 4.5) were of two
different thicknesses, respectively. For the 0.310-inch thickness,

the resistivity calculation at 1000 volts reduces to

P = 1'21‘70 X lO4 ohm-cm (24)

and for the 0.280-inch thickness, it becomes

p = 1'4I()6 X lO4 ohm-cm (25)
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The minimum current we could realistically read is about 8 X 10-15.

This corresponds to a maximum detectable resistivity of slightly over

1018 ohm-cm.

4.4 STUDIES ON THE MEASUREMENT OF MICROWAVE
PERMITTIVITY

A. Effect of Specimen Diameter

The principles for measuring permittivity in the resonant cavity
dielectrometer were outlined in Section 2. 6. Early in our program it
was desired to determine experimentally if a specimen diameter smaller
than the customary 2.135 inches could be profitably employed in the
2.160-inch diameter cavity without loss of measurement accuracy.

As previously mentioned, a flat, parallel-faced specimen is
placed on top of the tuning plunger which forms one of the cavity end
plates. The specimen is made slightly smaller in diameter than the
cavity and a clearance exists between specimen and cavity wall. Most
workers have indicated that the error due to the presence of this gap is
negligible.* This is attributed to the lack of appreciable peripheral
electric field in the TEOln mode and to the absence of radial currents
in the cavity end plates (see Figure A-3 in Appendix A).

For our tests, we used a laminated disc of polybenzimidazole
(PB1) and E-glass, of thickness 0.2991 inch (approximately XS/Z)
and of initial diameter 2. 135 inches. The faces were machined parallel
and plane to within 0.001 inch. Measurements were made in air at a
fixed frequency of 9.28 GHz as the specimen was progressively reduced
in diameter.

As shown in Figure 40, two specimen placements were investigated:

(C), with the specimen centered on the plunger, and (S), with the speci-

men touching the side wall. In each case, after a measurement, the

*Hotson(23 ), for instance, reported on dielectric-constant meas-
urements made at 9.60 GHz in a 1. 886~inch diameter cavity using
polystyrene discs (€ = 2.56) of varying diameter. His results indicate
no noticeable effect up to a 0.093-inch gap, possibly because they are
reported to only 3 significant figures.
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specimen was inverted and the measurement repeated. Average values
of dielectric constant and loss tangent were used in plotting.

The results, shown in Table 3 and Figure 41, indicate that it is
not advisable to reduce the specimen diameter from the presently used
value. At a 2-inch diameter, values of dielectric constant were 0. 2 per-
cent lower, and loss tangent 2.0 percent higher than originally, and the
discrepancy increased exponentially with further reduction in specimen
diameter.

Our results are similar to but cover a much broader range than
those presented by Zal'tsman and Poya.rk0va.24 These authors made
dielectric constant measurements over a 0-0.4 percent diameter
decrease range and showed that the relative error A€/€ could be expressed

by the formula

3
Ae 2. 2 (-1 b
< = 'Egm € (1'_) (26)

where 501 is the root of the Bessel function Jl(x), and b and a are the
specimen and cavity diameters, respectively.

The values of ""apparent error'" shown in Table 3 are a first-order
approximation based on the assumption that the initial readings at 2.135-
inches are '"correct.'' As Table 4 shows, the inaccuracy incurred in the
value of dielectric constant by making this assumption is not zero but
amounts to 0.1 percent. Table 4 presents the values obtained from
Equation (26).

The measured first-order '"apparent error'' values of Table 3 can
be brought into agreement with the ''true' calculated values of dielectric
constant by graphical transformation (shifting the Y-axis of Figure 41

over to the first measured value on the X-axis).

In summary, then, the results indicate that a clearance (gap)
between the dielectric specimen and cavity wall introduces a systematic
error in the measurement of complex permittivity by the TEOln resonant

cavity technique.
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C S
Diameter Apparent Apparent Apparent Apparent
Decrease, Error, Error, Error, Error,
Specimen a-b Dielectric ae! Loss Atan b Dielectric be' Loss b
Diameter, b a Constant, G Tangent, tan § Constant, €' Tangent, tan &
(inches) {percent) €' {percent) tan § {percent) €' (percent) tan § (percent)
4.744 0.0i081
4,746 0.01079
2.135 1.16 4,745 0 0.01080 [} - - - -
4.736 0.01094 4.739 0.00194
4.736 0.01110 4,734 0.01115
2.000 7.41 4.736 0.19 0.01102 2.04 4.7365 0.18 0.0“045 2.27
4.705 0.01112 4.702 0.01195
4.704 0.01112 4,702 0.01187
1.900 12.04 4.7045 0.88 0.01112 2.96 4.702 0.91 0.01191 10.28
4.626 0.01168 4.610 0.01409
4.627 0.01186 4.615 0.01460
1.800 16.67 4.6265 2.50 0.01177 8.98 4.6125 2.79 0.014345 32.82
4.461 0.01555 4.308 0.03219
4.445 0.01571 4.297 0.03189
1.700 21.30 4.453 6.15 0.01563 44.72 4.3025 9.33 0.03204 196.67
Table 3. Effect of specimen diameter on measured dielectric

properties in a cavity dielectrometer.

The values

of ""apparent error' shown above are first-order
Values in agreement with Equa-
tion (26) are obtained by the graphical transforma-

approximations.

tion shown in Figure 41.

(Specimen 0.2930 inch

thick; cavity diameter a = 2.160 inches; C =
centered on plunger; S = near or against side
of cavity.)

Diameter Decrease,

Relative Error,

i Di s -b Ae

Spec1;n?irr1mh1:;:;1eter a (percent) - (percent)

2.160 0 0

2.135 1.16 0.1206

2.000 7.41 0.3142

1.900 12.04 1.345

1.800 16.67 3.554

1.700 21.30 7.336

Table 4. Dielectric-constant relative-error values calculated

by Equation (26), as a function of specimen

diameter.
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For the dielectric-constant measurements, the magnitude of the
error appears to agree with theoretical calculations and is approximately
a cubic function of the gap size. (It varies directly with the cube of the
specimen diameter, and inversely with the measured dielectric-constant
value and the cube of the cavity diameter.)

The inaccuracy in the loss-tangent measurement also increases
exponentially with increase in gap size. A theoretical expression for
the loss-tangent error needs to be derived.

For both dielectric-constant and loss-tangent measurements, the
inaccuracy was least when the specimen was axially centered on the

plunger end-plate of the cavity.

B. Effect of Specimen Thickness

A series of tests were run to determine the effect of thickness on
the measured values of permittivity for the materials to be used in the
first (electron) irradiation run. For convenience in the dc resistivity
measurements, it was hoped to use the same thickness throughout.

One specimen from each of the proposed materials (Section 4. 5)
was prepared and permittivity measurements were made in air as the
specimens were machined successively to a thickness of approximately
1/2, 3/8, 1/4 and 1/8 wavelengths. Specimen wavelength, KS, is calcu-
lated by Equation (4), Section 2. 6.

The results are presented in Figures 42 and 43. With decrease
in thickness, the specimens display a gradual increase in (relative)
dielectric constant, and a maximum in loss tangent at approximately
1/4-wavelength,

Tables 5 and 6 show the values of permittivity measured in air for
the 32 specimens of irradiation Run No. 1. These specimens were
prepared with the same thickness of 0.310-inch, which corresponds to
specimen wavelength thickness (b/>\s) between 0.3 and 0.5, This range
is similar to that used by other workers.(zs)

The apparent high dielectric loss for the Teflon specimens in
Table 5 was unexpected. On the basis of the previous measurements

(see Figure 43), the Teflon specimens should have shown a loss tangent
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Material Number s tan 6
Epoxy AlU 0.495 4.63; 1.54 X 10~
laminate AID 0.495 4.63 1.54

A2U 0.495 4.634 1.57
A2D 0.495 4.64, 1.56
A3U 0.495 4. 64, 1.54
A3D 0.495 4.64, 1.58
A4U 0.495 .64, 1.56
A4D 0.495 4.64, 1.56
Silicone BlU 0.414 .394 6.50 X 10~
laminate BID 414 3.39, 6.39
B2U 0.414 .40, 7. 84
B2D 0.414 .40, 8.18
B3U 0.414 .40, 7.08
B3D 0.414 3.40, 7.22
B4U 0.414 3.40, 8.26
B4D 0.414 .40, 6.93
Polyurethane Clu 0.356 2.652 2.11 x 10~
ClD 0.356 2. 64, 2.11
c2U 0.357 2. 66, 2.12
C2D 0.357 2.65, 2.11
C3U 0.357 2.65; 2.17
C3D 0.357 2.654 2.13
C4U 0.356 2. 65, 2.39
C4D 0.357 2.655 2.33

Table 5. Pre-irradiation permittivity of specimens, 0.310 inch

thick, at 9. 28 GHz.
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Material Number Xs 6:s tan &
Epoxy- D1U 0.368 2.79 2.69 x 10-2
polyamide DID 0.368 2.79, 2.69

D2U 0.372 2.83 4.70

D2D 0.372 2.84, 4.67

D3U 0.371 2.82, 3.92

D3D 0.370 2. 82, 3.98

D4U 0.368 2.79, 2.76

D4D 0.368 2.79, 2.74
Polymide E1U 0.400 3.21, 2.02 x 1073

ELD 0.401 3.21, 2.14

E2U 0.401 3.21, 1.99

E2D 0.401 3.21 .10

E3U 0.401 3.22, 11

E3D 0.401 3.214 .04

E4U 0.401 3.21, .95

E4D 0.401 3.21, .10
Teflon (FEP)* FlU 0.303 2,05, .95 x 1073
Teflon (TFE)* GIU 0.302 2.04, .38 x 1073
Polyethylene H1U 0.326 2.30, .04 x 10-4

H1D 0.326 2.30, .22

H2U 0.326 2.30, . 86

H2D 0.326 2.30, .03

H3U 0.326 2.30, . 86

H3D 0.326 2.30, 1.12

H4U 0.326 2.29, J12

H4D 0.326 2.29, .03

)
See Table 6 for subsequent measurements.

Table 5 (continued).
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Material Number S s tan &
Teflon (FEP) FlU 0.274 2.05 5.12 x 1074
F1D 0.274 2.06, 5.12
F2U 0.274 2.06, 6.09
F2D 0.274 2.06, 6.40
F3U 0.275 2.08, 6.21
F3D 0.274 2.064 5.92
F4U 0.274 2.06., 5.76
F4D 0.274 2.06, 5.44
Teflon (TFE) GlU 0.274 2.06, 2.35 x 10”4
G1D 0.274 2.06, 2.19
G2U 0.272 2. 04, 2.173
G2D 0.272 2.04, 2.40
G3U 0.274 2.06, 2.03
G3D 0.274 2.06., 2.35
G4U 0.274 2.06,, 2.21
G4D 0.274 2. 06, 2.05

Table 6. Pre-irradiation permittivity of Teflon specimens,
0.280 inch thick, at 9.28 GHz.

of about 3-5 X 10-4 at a thickness of 0.3 wavelength. Instead, values
10-20 times higher were observed.

After conducting a number of different experiments to resolve the
mystery, it was noticed that two ''poor" Teflon discs, each 0.310 inch

thick, showedlow loss when stacked together in the dielectrometer.
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Hence, a test was then made wherein the loss of a Teflon
specimen was carefully examined in the vicinity of 0.3 wavelength, A
1/2-inch thick disc was gradually thinned on a belt sander and its half
power bandwidth, A4, measured. The results are shown in Figure 44.

The loss tangent is directly related to A4 by the expression given
in Equation (8) of Section 2.6. If the peak point in Figure 44 is fed into
Equation (8), a loss-tangent value of 1.3 X 10'2 is obtained, about 2
decades too high.

The sharp but high peak in Figure 44 may be due to mode con-
version in our particular cavity and is obviously not indicative of the
specimen's dielectric properties. Its appearance at 0.3 wavelength
instead of at A\/4 may be associated with a low value of dielectric con-
stant. Polyethylene was also found to exhibit an anomalous loss at about
0.3 wavelength, as shown in Figure 45.

A final set of Teflon specimens was then prepared, machining
them to a thickness of 0,280 inch. The measured permittivity values

are shown in Table 6.
4,5 ELECTRON IRRADIATION RUN NO, 1

A, Specimen Preparation

The test specimens were prepared from the following material

classes:

Epoxy-fiberglass laminate
Silicone-fiberglass laminate
Polyurethane

Epoxy-polyamide

-

SP-1 polyimide
FEP Teflon
TFE Teflon
Polyethylene

0w N 6 b W N -

The epoxy-fiberglass laminate conforms to specification MIL-P-
18177. It was obtained from Mica Corporation as Micaply EG 758,
type GEE. The resin content is approximately 40 percent.
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The silicone-fiberglass laminate was prepared as follows:
Thirty-five plies of DC 2106 (Dow Corning Co.) impregnated S(994)-glass
cloth were press-cured at 200 psi for 2 hours at 250°F. The cured
laminate was postcured for 48 hours at 302°F, 48 hours at 390°F, and,
finally, 72 hours at 482°F. The resin content is 41. 6 percent.

The polyurethane was made from components supplied by Thiokol
Chemical Co. as Solithane 113. The formulation consists in mixing 100
parts of the isocyanate resin with 74 parts of the polyol curing agent,
and curing overnight at 180°F. Castings, 2-1/2-inch in diameter, were
prepared first and then subsequently machined into the test specimens.

The epoxy-polyamide was made by mixing 100 parts of Epon 828
(Shell Chemical Co.) with 21 parts of Versamid 125 (General Mills Co.)
and 13 parts of menthane diamine, and then curing overnight at 180°F,
Castings 2-1/2-inch in diameter were prepared first and then subse-
quently machined into the test specimens. The material conforms to
Hughes specification HP-16-66, Type II, Class I.

The SP-1 polyimide is the base unmodified resin used in duPont's
Vespel parts. The specimens were graciously supplied by N, W, Todd
of E.I, duPont de Nemours and Company.

The FEP Teflon was manufactured by Raybestos Manhattan Inc.
as a 2-1/2-inch diameter rod.

The TFE Teflon wasobtained from Western Fibrous Co. in the
form of 1/2-inch thick sheet.

The polyethylene material is low density grade, per specification
MIL-P-227488. It was manufactured by Allied Resinous Inc. (and
obtained through Cadillac Plastics and Chemical Co.) as a 2-1/2-inch
diameter rod.

The test specimens were prepared as flat discs, 2.135 (+ 0.000;
- 0.005) inches in diameter, and thickness 0.310 inch for all except the
Teflon specimens. The latter were made 0. 280-inch thick, for reasons
outlined in Section 4.4. Four specimens were prepared from each

material, for a total of 32 specimens,
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B. Electron Irradiation

It had originally been planned to keep one specimen outside the
chamber as a control, and to introduce the other three specimens from
each material class into the environmental chamber. Time did not
permit a duplicate irradiation schedule however, so only two specimens
(No. 1 and No. 3) from each class were placed in the chamber. No. 1
was irradiated and No. 3 served as a vacuum control.

Irradiation was provided by a resonant-transformer26 1 Mev
electron beam generator, shown in Figure 46. The environmental
chamber was pumped down to the low 10-9 torr range and placed below
the generator with the target (test specimen) at a distance of 10 inches
from the exit window of the generator. The electron beam traversed a
3-inch long air passage before entering the chamber at the 6-mil thick
titanium window (described in Section 2.2). A 1/8-inch aluminum plate
with a 2-inch diameter hole provided preliminary beam collimation out-
side the chamber, and a 2-inch diameter aluminum tube inside the
chamber provided additional collimation. Current picked up on this
aluminum plate (insulated from ground) was used to monitor dose rate
in accordance with the calibration curve of Figure 29 in Section 3.
Current on the generator console meter read approximately twice the
aluminum plate values.

The irradiation was conducted according to the schedule shown
in Table 7.

Current Time Dose Rate Dose Accumulated Dose
Step (Ha) (sec) (rads/sec) (rads) (rads)
1A 7 100 1 x 10% 1.0 x 104 1.0 x 104
1B 72 100 1 x 103 1.0 x 10° 1.1 x 10°
1C 645 100 9 x 103 9.0 x 10° 1.0 x 10°
4 6 7
1D 1290 500 1.8 X 10 9.0 x 10 1.0 X 10
1E 2580 | 2500 3.6 x10% ] 9.0 x 107 1.0 x 108

Table 7. Parameters for irradiation Run No. 1.
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Figure 46. Electron beam generator,.
(HAC Photo No. GS64-05-014)
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Figure 47 illustrates the numbering system for the turntable
specimen holders. The disposition of the various specimens on the

turntable is indicated below:

Specimen Position
Epoxy laminate Al 1
Silicone laminate Bl 3
Polyurethane C1 5
Epoxy-polyamide DI 7
Polyimide El 9
FEP Teflon F1l 11
TFE Teflon Gl 13
Polyethylene HI 15
Epoxy laminate A3 17
Silicone laminate B3 18
Polyurethane C3 19
Epoxy-polyamide D3 20
Polyimide E3 21
FEP Teflon F3 22
TFE Teflon G3 23
Polyethylene H3 24

At each dose level, all the No. ! specimens (positions 1-15) were
irradiated in sequence before making the dc resistivity measurements.
The No. 3 specimens were not directly irradiated. Time did not permit
extending the radiation dose beyond lO8 rads (which corresponds to an

14
exposure of approximately 10 - lO15

electrons/cmz).

At the conclusion of the final irradiation and corresponding dc
resistivity measurements, air was admitted into the chamber and
resistivity measurements were again taken. Four weeks later, further
resistivity measurements were made in air, in the chamber, on all
specimens (Nos. 1 through 4). These final measurements in air are of
dubious value as some of the specimens (A, C, and D) show strong
effects of moisture. The control specimens A2 and A4, C2 and C4, and
D2 and D4, for instance, had to be oven dried at 100°C for 24 hours to
stabilize them (see Figure 53).
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Post-irradiation measurements were also made of dielectric
constant and dissipation factor at 1 kHz on all the specimens. These
measurements were made in a Hartshorn holder (General Radio Co.
Dielectric Sample Holder 1690-A) in conjunction with a General Radio
Co. Model 716-C Capacitance Bridge, Model 1231-B Amplifier and Null
Detector, and Model 1302-A oscillator.

C. Results, Observations, and Discussion

Figures 48 through 52 are photographs of the test specimens. The
translucent specimens (Cl, D1, Fl, and HIl) display typical Lichtenberg
figures (trees). Some of the specimens also showed a discoloration on
their top, irradiated surface. Thediscoloredareaappears to be limited
to a depth of approximately 1 mm.

The visual appearance of the top surface of the various specimens

after irradiation is somewhat as follows:

Al, Epoxy laminate: Changed from green to brown.

B1l, Silicone laminate: Slightly lighter in color than the original
tan.

Cl, Polyurethane: Lemon color had changed to brown-orange.
Texture also somewhat harder. Displayed
"trees. "

D1, Epoxy-polyamide: Darker, browner. Specimen thickness
had increased by about 0.003 inch.
Displayed '"trees. "

El, Polyimide: No apparent change.

Fl, FEP Teflon: Same color. Displayed "trees."

Gl, TFE Teflon: No apparent change.

Hl, Polyethylene: Original white had yellowed somewhat. Dis-

played ''trees."

Specimen Gl (TFE Teflon) came out of its holder after it had
received a dose of 105 rads and could not be irradiated any further.

Upon irradiation, most of the specimens had a tendency to stick
to the radiation station holding clamp. It might be advisable in future
runs to support the specimens on the radiation station heat sink without

clamping them.
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Figure 48, View of non-irradiated (top row) and irradiated

’ (bottom row) specimens. Specimens are in alpha-
betical sequence beginning with A on the left
(HAC Photo No. R112542).
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Figure 49. Non-irradiated and Figure 50. Non-irradiated and
irradiated polyurethane irradiated epoxy-
(HAC Photo No. polyamide (HAC
R112543), Photo No. R112544).
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Figure 51.

Non-irradiated and
irradiated TFE Teflon
(HAC Photo No.
R112545).
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Figure 52.

Non-irradiated and
irradiated polyethylene
(HAC Photo No.
R112546).



The pressure in the chamber during irradiation was maintained
in the 1077
to be used for the last two decades (107 and 108 rads). In the 10

- 1078 torr range except at the higher dose rates that7had
rad run, the gas pressure rose into the low 10—7 torr range on irradi-
ating the polyurethane and the polyethylene. In the 108 rad run, it went
into the low 10-7 torr when irradiating the epoxy-polyamide, into the
high 10”7 torr with the polyurethane, and into the 1070 range with the
polyethylene and the (F1l) Teflon.

The outgassing at high dose rates of the polyethylene was probably
thermal in origin for the high vapor pressure manifested itself as soon
as the electron beam was turned on and remained fairly constant. The
Fl Teflon specimen, however, did not start outgassing until the 108 rad
irradiation (step 1E of Table 8) had been in progress for about 10
minutes, and the pressure continually increased, reaching even the low
10_5 torr region by the end of the irradiation period.

Table 8 and Figure 53 show the measured values of resistivity
as a function of dose. Resistivity was calculated by Equations (21) and
(22) given in Section 4. 3.

It appears that the FEP Teflon and the silicone fiberglass laminate
were quite stable. It is unfortunate that the TFE Teflon specimen (Gl)
could not be irradiated, but the fact that the '""control' G3 showed a
descreasein air-measured resistivity might indicate that TFE is less
radiation resistant that the FEP variety. Further irradiation testsare
obviously required.

The polyurethane specimen Cl was affected after a 105 rad does,
and the accompanying C3 vacuum-control was also affected during the
final irradiation step. Another vacuum-control to show a radiation
effect was the polyethylene No. 3. These two specimens apparently
were affected by stray, possibly bremsstrahlung, radiation.

The epoxy specimens Al and D1 showed a drop in resistivityafter
10" rads but appear to recover on further irradiation.

The polyethylene specimen H1 was affected after 108 rads but

appears to have recovered after 4 weeks storage in air.
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Dose, in rads 108
In Air
Initial,| 0 10t 108 108 107 108 108 | 4 Weeks
Specimen In Air| = In Vacuum > In Air Later
Epoxy laminate Al | >1018| >10'® 51018 >50!8 31016 1 x10'7 >10'® | 3 x10%6| 1 x10®
(Gontrol) A3 | >1018| >1018 >1018 53018 1018 >10!8  >10!8 | ¢ x 10| 4 x10%¢
Silicone laminate Bl >1018 >1018 >10'8 >1018 >1018 >1018 >1018 6 X 1016 >1018
(Control) B3 | >1018| >10!8 >1018 51018 >10'8  >10!8  >10!8 | 6 x10'6] >10'8
Polyurethane c1| >10'8] >10'8 >10'8 6 x10'53 x10!5 7x10'® 6 x10'3| 4 x10'3| 1 x10%3
(Contro) c3 | >1018| >10!8 >10!8 510! >10'®  >10'® 6 x10'®] 4 x10Mt] 1ol
Epoxy-polyamide DI | >1018| >10!8 >10'8 >1018 1 x10'® 2x10'7 2x10'7} 8 x10'] 6 x 107
(Gontrol) D3 | >108 | >1018 >1018 >10!'8 >10!8  >10'%  >10'% | 2x10'7| 2 x10!7
Polyimide Ei | >1018| >10'8 >10!% >10'® >1008 6 x101® 2 x10'6| 1'x10'8| 3 x10'®
(Control) E3 | >10'8| >10'® >10'8 >10!8 5508 51018 >10!% | 2 x10'7| 7 x10!8
FEP Teflon F1 | >1018| >10!8 >10!8 >10'® >10'%  5x10!7 >10'® | >10!% | 510!
(Control) F3 | >1018| >10!8 >10'® >10'® >10'®  >10'®  >10'8 | >10!8 [ >30!8
| 17
TFE Teflon GL | >1008] >10!8 >10!% 7 x10!7 - - - - 6 %10
(Control) G3 | >10'8| >10'8 >10'8 51018 1018 >10!®  >10'® | 2 x10'®] 2 x101®
Polyethylene H | >1008 ] >10!8 >1018 51018 >10'®  >10'% 1 x10'®| 1 x10'3| >10'8
(Control) H3 | >10'8| >10'8 >10'8 >10'® >10'8  >10!® g x10!3| 5 x10"| >10!8
Note: Specimen Gl came out of its holder after 105 rads and remained in vacuum without further direct
irradiation.

Table 8. DC volume resistivity of 0. 3-inch thick specimens irradiated
in vacuum with 1 Mev electrons as a function of dose (in rads).
Resistivity values for the vacuum controls, which were not
directly irradiated, are shown under each specimen.

Somewhat unexpected was the behavior of the polyimide resin. As
far as resistivity is concerned, the El specimen was definitely affected
by radiation after a 107 rad dose. The vacuum-control E3 also showed
evidence of having been affected by stray radiation for in the post-
irradiation measurements in air it was inferior to the non-vacuum con-

trols E2 and E4 (which showed a resistivity greater than lO18 ohm-cm)
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The measured changes in volume resistivity of the irradiated
specimens are not as great as might be observed with thin films or with
thinner specimens. It is recommended in future irradiation studies of
this type that thin specimens be used, and also that surface resistance
measurements be made. By suitable switching arrangements, 27 it is
is possible to make use of the measuring circuit of Figure 21 (Section
2.5) to determine surface as well as volume resistance. The surface
resistance should, of course, be measured on the surface that is
directly exposed to the radiation.

As mentioned earlier, microwave permittivity measurements
were made (in air) on all the specimens prior to and after the irradiation.
Tables 9 and 10 summarize the results. With the exception of the
polyurethane specimen Cl and the FEP Teflon F1l, no significant change
in permittivity occurred. The polyurethane specimen also displayed
an early drop in resistivity during the irradiation. Examination of
Table 10 also reveals that although all of the polyimide specimens
became lossier with time, the two specimens (El and E3) that were
placed in the vacuum chamber displayed a smaller increase in loss
tangent.

A final series of measurements were conducted on the irradiated
specimens and their controls. This consisted of determining the low
frequency (1 kHz) dielectric constant and dissipation factor using
General Radio Capacitance Bridge (716-C) and Hartshorn type holder
(1690-A). The results are given in Table 1.

Since low-frequency measurements had not been made prior to the
irradiation, it is not possible to determine directly if any changes took
place in the irradiated specimens. But indirectly, it is possible to
compare the irradiated specimens with the controls by intercomparing
the values of all the specimens in a material class, and also by com-
paring the final values of low-frequency and of microwave permittivity.
As shown in Table 11, only the polyurethane Cl and the epoxy-polyamide

D1 showed any appreciable change.
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Initial (c) Final (d)
(a) (b) ae!
T T s’ Atan b,
Material Specimen 8 tan b 8 tan percent | percent
Epoxy laminate AlU 4,633 ]0.0154 4.639 | 0.0149 0.13 -3.2
AlD 4.638]0.0154 4.640 | 0.0150 0.04 -2.6
A3U 4,642 10.0154 4.639 0.0148 -0.06 -3.9
A3D 4.643(0.0158 4,641 0.0147 -0.04 -7.0
A2U 4.634(0.0157 4.642 | 0.0152 0.06 -3.2
A2D 4.641[0.0156 4.640 0.0150 -0.02 -3.8
A4U 4.641(0.0156 4.637 | 0.0147 -0.09 -5.8
A4D 4,642 (0.0156 4. 640 0.0148 -0.04 -5.1
Silicone laminate Bl1U 3.394/0.00650 | 3.391 0.00630 -0.09 -3.1
B1D 3.394(0.00639 | 3.389 | 0.00613 -0.15 -4,1
B3U 3.401(0.00708| 3.397 | 0,00699 -0.12 -1.3
B3D 3.401|0,00722| 3.398 | 0.00701 -0.09 -2.9
B2U 3.401)0.00784 | 3.401 0.00783 0.00 -0.1
B2D 3.402(0.00818 | 3.407 | 0.00816 0.15 -0.2
B4U 3.400]0.00826 | 3.405 | 0.008l6 0.15 -1.2
B4D 3.40010.00693 | 3.404 0.00699 0.11 0.9
Polyurethane Clu 2.65210.0211 2.681 0.0177 1.09 -16.1
Cl1D 2.645]10.0211 2.720 | 0.0174 2. 84 -17.5
C3U 2.655(0.0217 2.651 0.0195 -0.15 -10.1
C3D 2.658]0.0213 2.658 | 0.0195 0.00 -8.4
cau 2.66510.0212 2.673 0.0190 0.30 -10.4
Cc2D 2.65710.0211 2.666 | 0.0207 0.34 -1.9
C4U 2.650(0.0239 2.652 | 0.0220 0.08 -8.0
C4D 2.658(0.,0233 2.662 | 0.0217 0.15 -6.9
Table 9. Microwave (9.28 GHz) permittivity in air

of Run No. 1 specimens.
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(a) (b) Initial (c) Final (d) '
AT, 5
T X s A tanb,
Material Specimen s tan 6 s tan 8 percent | percent
Epoxy-Polyamide DiU 2.795] 0.0269 2.817 |0.0204 0.79 -24.2
DI1D 2.795] 0.0269 2.798 | 0.0204 0.11 -24.2
D3U 2.827|0.0392 2.839 0.0287 0.42 -26.8
D3D 2.822|0,0398 2.875 0.0291 0.11 -26.9
D2u 2.839|0.0470 2.843 0.0301 0.14 -36.0
D2D 2.841)]0.0467 2.838 0.0313 -0.11 -33.0
D4U 2.793]0.0276 2.810 | 0,0234 0.61 -15.2
D4D 2.79710.0274 2,823 |0,0238 0.93 -13.1
Polyimide ElU 3.2140.00202 | 3.250 0.00345 1.12 70. 8
EID 3,217]0.00214 | 3.248 0.00343 0.96 60.3
E3U 3.220] 0.00211 | 3.250 0.00327 0.93 55.0
E3D 3.218]0,00204 | 3.253 0.00327 1.09 60.3
E2U 3.215}0,00199 | 3.265 | 0.00402 1.56 102.0
E2D 3.218]0.00210 | 3.266 | 0.00399 1.49 90.5
E4U 3.217]10.00195 | 3.294 0.00533 2.39 173.3
E4D 3.21710.,00210 | 3.291 0.00541 2.30 157.6
Teflon (FEP) FlU 2.059(0,00051 | 2.063 0.00059 0.19 15.7
F1D 2.062|0.00051 { 2.079 0.00058 0.83 13.7
F3U 2.081| 0,00062 | 2.075 0.00063 -0.29 1.6
F3D 2.068| 0.00059 | 2.067 0.00059 -0.05 0.0
F2U 2.064 | 0.00061 | 2.067 0.00059 0.14 -3.3
FaD 2.069|0.00064 | 2.066 0.00060 -0.14 -6.3
F4U 2.067| 0.00058 | 2.066 0.00059 -0.04 1.7
F4D 2.061|0.00054 | 2,061 0.00053 0.00 -1.8

Table 9 (continued).

Microwave (9.28 GHz) permittivity in air
of Run No. | specimens.
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(a)

Initial (c) Final (d)

E t -e- ] AES' A tan 6;

(b)

Material Specimen s tan § s tan & percent | percent

Teflon (TFE)

GlU 2.06410.00024 | 2.069 | 0.00020 0.24 -16.7

G1D 2.06410.000221) 2.078 0.00023 0.68 4.5
G3U 2.06410,.00020 | 2.071 0.00023 0.34 15.0
G3D 2.067}0.00024 | 2.091 0.00026 1.16 8.3
G2U 2.043|0.00027 | 2.047 0.00026 0.20 -3.7
G2D 2.044| 0.00024 | 2.049 0.00024 0.24 0.0
G4U 2.06410.00022 | 2.072 0.00027 0.39 22.7
G4D 2.063(0.00021 ] 2.071 0.00023 0.39 9.5
Polyethylene HI1U 2.30210.00010}] 2.310 0.00020 0.35 100
HI1D 2.304]10.00012 | 2.303 0.00015 -0.04 25.0
H3U 2.302]0.00009 ] 2.314 0.00012 0.52 33.3
H3D 2.30210,00011 | 2.297 0.00012 -0.22 9.1
H2U 2.302] 0.00009 | 2.313 0.00012 0.48 33.3
H2D 2.301]0.00010 ]| 2.297 0.00012 -0.17 20.0
H4U 2.299] 0.00011 ] 2.298 0.00012 -0.04 9.1
H4D 2.299]0.00010 | 2.299 0.00012 0.00 20.0
Notes: (a) Materials used are described in the text.

{(b)

(c)

(d)

Test specimens are discs, 2.135-inch in diameter. Thickness is 0,310-
inch for all but those made from Teflon. The latter, specimens F and G,
are 0, 280-inch thick for reasons explained in the text. The letters U
and D refer to "up'" and ''down' (i.e., inverted) positions, respectively.

The relative dielectric constant and loss tangent are calculated from
Equations {5) and (8), respectively, Section 2. 6.

The No. 1l specimens in each category (except for Gl) were irradiated
with 1 Mev electron to a total dose of 108 rads. Specimen Gl came out
of its holder after it had received a dose of 105 rads, and remained in
vacuum without further direct irradiation, The No., 3 specimens were
placed in the same environment as the No. 1 specimens but were not
directly irradiated. The No. 2 and No. 4 specimens in each.category
were kept outside of the environmental chamber as non-vacuum controls.

Table 9 (continued). Microwave (9.28 GHz) permittivity in air

of Run No. 1 specimens.
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Dielectric Constant’

Loss Tangent

Percent Percent
Initial Final Change Initial Final Change
Epoxy laminate Al 4.63 4.64 0.0 0.015 0.015 0.
A3 4. 64 4,64 0.0 0.016 0.015 - 6.2
A2 4. 64 4. 64 0.0 0.016 0.015 - 6.2
A4 4. 64 4,64 0.0 0.016 0.015 -6
Silicone laminate Bl 3.39 3.39 0.0 0.0064 0. 0062 - 3.1
B3 3. 40 3.40 0.0 0. 0071 0. 0070 -1,
B2 3. 40 3. 40 . 0. 0080 0. 0080 0.0
B4 3. 40 3. 40 0.0 0. 0076 0. 0076 0.0
Polyurethane Cl 2.65 2.70 1.9 0.021 0.017 -19.1
Cc3 2. 66 2. 66 0.0 0.021 0, 020 - 4.8
Cc2 2. 66 2.67 0.4 0,021 0, 020 - 4.8
C4 2.65 2. 66 0.4 0,023 0. 022 - 4.3
Epoxy~Polyamide D1 2.80 2.81 0.4 0. 027 0. 020 -26.0
D3 2.82 2.83 0.4 0. 040 0. 029 -27.5
D2 2. 84 2,84 0.0 0, 047 0,030 -36.2
D4 2.80 2.82 0.7 0. 027 0. 024 -11.2
Polyimide El 3.21 3.25 1.2 0. 0020 0.0034 70.0
E3 3.22 3.25 0.9 0. 0020 0,.0033 65,0
E2 3.22 3,27 1.5 0. 0020 0. 0041 105
E4 3.22 3.29 2.2 0. 0020 0. 0053 165
Teflon (FEP) Fl 2. 06 2. 07 0.5 0. 0005 0. 0006 20
F3 2.07 2.07 0. 0006 0. 0006
F2 2.07 2.07 0.0 0. 0006 0. 0006 0
F4 2. 06 2. 06 0. 0006 0. 0006 0
Teflon (TFE} Gl 2. 06 2. 07 0.5 0. 0002 0. 0002 0
G3 2. 06 2.08 0, 0002 0. 0002 0
G2 2. 04 2. 05 0.5 0. 0002 0. 0002 0
G4 2. 06 2.07 0.5 0, 0002 0. 0002 0
Polyethylene H1 2.30 2.31 0.4 0. 0001 0. 0002 100
H3 2. 30 2.30 . 0, 0001 0.0001 0
H2 2. 30 2.30 0,0 0. 0001 0.0001
H4 2.30 2.30 0. 0001 0. 0001
Table 10. Rounded average values of microwave (9. 28 GHz)

permittivity of Run No. 1 specimens,

(Same notes of Table 9 apply here.)
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Dielectric Constant

Loss Factor

Material Specimen 1 kHz 9 GHz Ratio 1 kHz 9 GHz Ratio
Epoxy laminate Al 4.93 4, 64 1. 06 0. 0078 0.0149 0. 52
A3 4. 96 4, 64 1. 07 0, 0070 0.0148 0. 47
A2 4. 96 4, 64 1. 07 0, 0070 0.0151 Q. 46
A4 4.95 4,64 1.07 0. 0078 0,0148 0.53
Silicone laminate Bl 3.29 3.39 0.97 0. 0047 0. 0062 0.76
B3 3.30 3.40 0.97 0, 0035 0. 0070 0. 50
B2 3.33 3. 40 0.98 0. 0046 0. 0080 0. 57
B4 3.30 3. 40 0.97 0, 0105 0. 0076 1,38
Polyurethane Cl 3.95 2.70 1. 46 0. 146 0.0175 0.53
C3 4.31 2. 66 1.62 0.176 0.0195 0.90
Cc2 4.25 2.67 1.59 0,171 0.0198 0. 86
C4 4. 43 2. 66 1. 66 0,188 0.0219 0. 86
Epoxy-Polyamide Dl 2.97 2,81 1,06 0. 0091 0.0204 0, 45
D3 3,17 2.83 1.12 0. 0097 0. 0290 0. 34
D2 3.21 2. 84 1.12 0. 0096 0. 0307 0.31
D4 3.16 2.82 1,12 0. 0097 0. 0236 0, 41
Polyimide El 3.25 3.25 1. 00 0.0012 0. 0034 0. 35
E3 3.24 3.25 1. 00 0. 0012 0. 0033 0. 36
E2 3.25 3.27 0.99 0. 0012 0. 0040 0.30
E4 3.30 3.29 1,00 0. 0012 0. 0053 0.23
Teflon (FEP) Fl 2.21 2.07 1. 07 0. 000X 0. 0006 -
F3 2.21 2, 07 1, 07 0. 000X | 0.0006 -
F2 2.22 2. 07 1. 07 0. 000X | 0.0006 -
F4 2.22 2. 07 1,07 0. 000X | 0.0006 -
Teflon (TFE) Gl 2. 20 2,07 1, 06 0. 000X 0. 0002 -
G3 2.20 2,08 1. 06 0.000X | 0.0002 -
G2 2,21 2,05 1. 08 0. 000X 0. 0002 -
G4 2,21 2,07 1. 07 0. 000X | 0.0002 -
Polyethylene H1 2. 27 2. 31 0.98 0.000X | 0.0001 -
H3 2.27 2. 30 0.99 0.000X | 0,0001 -
H2 2.27 2. 30 0.99 0. 000X 0. 0001 -
H4 2,29 2. 30 0.99 0. 0016 | 0.0001 16

Table 11, Final values of permittivity at a frequency of 1 kHz

and 9. 28 GHz, respectively.
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APPENDIX A

REVIEW OF THE THEORY OF THE
TEOln RESONANT CAVITY DIELECTROMETER

by
C. A. Escoffery

ABSTRACT

The background theory is reviewed for electromag-
netic waves in a resonant right-circular cylinder, with
particular reference to the TEOln mode, A variable length
TEOln resonator tuned by a non-contacting plunger serves
as a dielectrometer. The dielectric constant and loss tangent
of a low-loss material specimen are obtained from the shift in
resonant length and from the half-power bandwidth when the

specimen is placed on the plunger and the cavity retuned.

1. INTRODUCTION

The Hughes X-band vacuum dielectrometer was designed(l) to
monitor the dielectric properties of a material specimen while exposed
to a simulated space environment, Figure A-1 is an artist's drawing
and Figure A-2 a photograph of the dielectrometer,

The dielectric measurements are made in a suitably excited
right-circular cylindrical cavity of variable length operating at a fixed
frequency of 9.28 GHz. Excitation is such as to establish a TEg),
mode, and resonance is established by adjusting the position of a non-
contacting plunger. The cavity, made out of invar, has an internal
diameter of 2. 1609 inches, permitting measurements above the critical
frequency fc (f, = 1.220 x 3x1010/2,161 x 2. 54) of 6. 66 GHz. The
internal surface of the cavity is silver plated. Cavity wavelength in
vacuo, ng, at an operating frequency of 9. 28 GHz is 1. 8266 inches. ™
Total cavity length is sufficient to permit resonance at the TEj)¢ mode,
but measurements are preferably made between the TEj14 and TEg]5

modes, for which range it was found that spurious modes were 32 db

below the TEQg]g5 mode.

.*C'Ja.vity wavelength, N\ | in air is a function of the air's relative
permittivity (Eq. 47), whictfin turn, depends on temperature and
moisture content. An average value of \g is 1. 8254 inches.
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Figure A-1. Cutaway drawing of vacuum dielectrometer.

(The proposed specimen manipulator above
the ion-pump was not built. )
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Figure A-2, Photograph of dielectrometer
(insertion port open),
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The practical advantages offered by the TE;}, mode are well known
and are frequently utilized in the design of cavity wavemeters and
dielectrometers. Perhaps the most useful property of the TE(,, mode
is its symmetry (Figure A-3). The transverse part of the magnetic
field (dashed lines in Figure A-3) has a radial component only, so that
there are no radial electric currents on the cavity end plates. The
absence of these currents permits tuning of the cavity with a non-
contacting plunger on which loosely fitting disc-shaped dielectric spec-

imens are placed for property measurements.

Figure A-3. Field configuration in the TEOIZ mode.
: PR . (2, 3)
A brief review is given herein of the theory and formulas ™’ for
the calculation of specimen relative dielectric constant and loss tangent.
In essence, the resonant length of the empty cavity is measured first.

The specimen is then inserted and the shift in resonant length and the
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cavity Q is measured. (The Q is determined from the half-power
points at resonance, i.e., the usual 3-db bandwidth.) From this
information, the dielectric properties of the specimen may be

calculated.

2. DEFINITIONS
The complex permittivity of a material is defined by

¥z e - yen (1)

*
where € is the complex permittivity, and €' and €' designate the

dielectric constant and loss factor, respectively. If eo denotes the
permittivity of vacuum, the complex relative perrnittiﬁty, €% is

given by
§ =-=7T - e (2)

where the bar symbol is used to designate values relative to vacuum.

The loss tangent is defined by

[}
tan 6 s%:——— (3)

Analogous expressions hold for magnetic permeability. Thus, the com-
Plex permeability is given by

TREERTIE T (4)
and the complex relative permeability by

%*

'CIC

~% — . —
i =@ - (5)

o
In rationalized MKS units, the vacuum permittivity and permeability

are equal, respectively, to

e = = 8.854 X 10712 farad/m (6)
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7

b, = 47X 107" = 1.257 X 107° henry/m (7

where ¢, the velocity of light, is:

/2

-1/2 8
c = (€ 1) = 3 X 10~ m/sec (8)

The relative permittivity and relative permeability of air are pure

numbers, essentially unity.
3. FIELD EQUATIONS

Consiaer the geometry illustrated in Figure A-4, which repre-
sents a perfectly homogeneous dielectric medium enclosed within a
right-circular cylindrical cavity whose walls are perfect conductors,
It is desired to determine the resonant frequencies and modes of the
cavity, This can be done by considering them as the resultant of
standing waves caused by the superposition of traveling waves that
exist in transmission lines. Alternatively, the field equations may be
solved directly for the natural frequencies of the cavity. We shall

follow the latter approach, with particular reference to the TEy;, mode.
P4

b
\ *

T A
N~
r‘——-D = 20—

Figure A-4. Cavity geomertry,
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Maxwell's field equations may be written as

* OE
VXH = ¢ —a-? (9)
VXE=-u*a—I;I- (10)

and since the field contains no free electric charges or magnetic poles

V- E

1
o

(11)

V- H

1
o

(12)

To separate the electric and magnetic field vectors E and H it is
convenient to differentiate with respect to time. We then obtain the well-

known differential wave equations for the electromagnetic field:

viE = 4 == (13)
v at
2
V2 H = iz 9 I;I (14)
v ot
where the phase velocity, v, is given by
v= (e w2 w/k (15)

and w andk are the (angular) frequency and wave number, respectively.

Since by Fourier expansion any vibration can be represented by a
summation of simple harmonic vibrations, it is customary to adopt a
sinusoidal time-dependence of the form e_juJt so that

wt

E = E(q) e (16)

1

H(q) e 9"t (17)

v
n
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The solutions to Maxwell's equations can be facilitated by various

mathematical techniques., (4-11) In the case of the cylindrical cavity,

we set up Maxwell's differential equations in cylindrical coordinates,

(12 - 15) lead to an infinite number of normal-mode

and the solutions
fields. These modes are divided into TE and TM-classes,(l4) specified
in terms of three integers, #, m, and n, that refer, respectively, to field
variations of E_ (or Hr) with respect to 0; of Ee (or He) with respect to

r; and of E. (or Hr) with respect to z.

The resonant frequencies (which include the roots, xl m’ of
b
Bessel functions) can be written as
2 2 vn \2
Yomn=fc * (3T (18)

where v is given by Eq. 15), L is the cavity resonant length, and fc is
the cut-off frequency. For a perfect dielectric medium (vacuum), the

cut-off frequency is given by

¢ chm
c,vac T D (19)

where D is the cavity diameter (= 2a), le is described further on(p. A-11),
and c is the velocity of light, Eq. (8).
For any other medium, the cut-off frequency is

3ok -1/2
_ lev = xlm (e p") (20)
c 1D ™™D

f

Equation (18) is often expressed in the form

(f D)? = <L)#>2+ <%‘)2 (%)2 (21)

from which it is seen that (f D)2 ver sus (D/L)2 is a straight line with
intercept (v X!m/v)z and slope (vn/Z)Z. This type of plot is called a
mode chart. Such a chart is shown in Figure A-5 for the operating
region of the Hughes dielectrometer. For an air-filled cavity, the

term v in Eq. (21) may, to a first approximation, be replaced by c.
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4, NORMAL-MODE FIELDS

The normal-mode fields for the right-circular cylindrical cavity

are given by the following equations, (15) where the time dependence,

though not shown for convenience, is implicit.

For the TE-modes (m >0, n > 0):

Ty (k| 7)
Er = -4 Tk, r

sin £ 6 sin k3 z
1

Eg = -J‘é(klr) cos £6 sink_ z

3

E = 0
z
k3 '
Hr =TJ1(klr) cos 20 cos k3z
k, Jp (k, r)
_ o, Kl
He = -4 " klr sin £6 cos k3z
k)
Hz = Tc— Ty (klr) cos £ 6 sin k3z
For the TM-modes (m > 0):
k3 |
Er = -k_lJl (klr) cos £6 sin k3z
k, J, (k, 1)
Ee = ! Tg’Lk_llT— sin £6 sin k3z
kl

Ez = 5 Jl (k1 r) cos 86 cos k3z

t12

(22)

(23)

(24)

(25)

(26)

(27)

(28)

(29)

(30)



Hr = -f -—T{]._i'— sin £60 cos k3z (31)
Hy = -Jg (k) t) cos £6 cos ky 2 (32)
H =20 (33)

where £, m, and n are the previously described integers, and the k's

are wave numbers given by

kW = ki +k

2 2 2
1 3 (34)

Here, k, the wave number in the dielectric when unbounded in extent,

is given by
k =2 =5 (15a)

the transverse wave number,kl, by

- Xy
ko= g (35)

and the longitudinal wave number, k3, by
K = AT (36)

The le are the mtP roots of the Bessel function Jl (X) for the TM-mode

and of its derivative Jl' (X) for the TE-mode, respectively.

2

Eq. (34) can also be expressed in the form
K = k2t K (34a)
c g

using the critical wave number and guide wave number, respectively.
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In the general case of wave propagation along a circular waveguide,

the wave number k is given by

2
2 _ w_ _ .2 2
k™ = —VZ = kl - Y (37)

where k1 is the transverse wave number, and y is the propagation con-
stant in the direction of travel, z, assuming an e z spatial dependence,
e.g., E= Eo ert- ¥z, Also, Y is complex and given by

(38)

a + jp

<
1l

where o and B denote the attenuation and phase constant along the wave.
When there is little or no attenuation we can set

v = ip (39)
and therefore, from Eqs. (34) and (37), for a lossless dielectric
k, = \/:/—2_ =B (40)
Now, from Eqgs. (37) and (15) we have
w? (0 = ki‘ - v2 (41)
which, for a lossless wave along the cavity becomes
(42)

2 ' 2 2
w (g gl = ky + gy

where the subscript g refers to the dielectric in the waveguide (cavity).
= ; 42) b :
eo), Eq. (42) becomes

For a vacuum dielectric (e

2 2 2 (43)
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where Po is the phase constant in free-space, and Bgv designates the

phase constant of an evacuated waveguide (cavity).

5. THE TE nRESONATOR

01

In the case of the TEOln mode, Er = Ez = He = 0, and we are
left with Egs. (23), (25) and (27). The resonant frequencies are given
by Eqs. (18) and (19), and the cut-off frequency for the empty (vacuum)

cavity is

C_ ~ <
fc v = 3.83171?5 _0.610a (44)

since the first root of -Jo (Xl) = Jl (Xl) = 0 is 3.83171.

When air or some other medium fills the cavity, the cut-off

frequency is given by

= 3.83171 % = 0‘210 (¥ 2

(45)

where ¢ and H"< are the permittivity and permeability of the medium.

It should be noted that the TM mode also has the same

lln
resonant frequency as the TEg1, mode. Hence, the TEOln and TM11

n

modes are degenerate. Excitation of the TM mode in the cavity

dielectrometer is largely suppressed by suita}bllne geometrical location of
the coupling orifices.

The wavelength in a dielectric-filled cavity (waveguide) is modified
by the relative permittivity and permeability of the dielectric. At a

given frequenc —)\i = A and, therefore, A = \ (?* H* )1/2 where \
4 ¥» ¢ v ’ "o ’ o
is the wavelength in free space. Then, by rearranging Eq. (21) one

obtains for the cavity wavelength

-1/2

2 <X£m>2] (46)

A a

g = 27 [(?* 7 (_2_‘;)
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or, alternatively expressed:

1 O 1
= - (47)
A2 [ VO % ]
g o o
where')\c (= T"-) is the cutoff wavelength, which is independent of the
c

dielectric. For the TE resonator, Ne = 1.64 a.

Oln

Along the length of the cavity, resonance occurs when

sink,z = 0 (48)

or when the resonant length L is

L = E_” = D (49)
3 pg
where n is any positive integer.

Obviously, from Eq. (42), Bg vanishes when wz € B = kl’

that is, for a cut-off angular frequency

B ok _1/2
we = k(€ 1) (50)
which leads to Eq. (20)
_ [ w dm % % -1/2
£, = (ng> = =52 (< p)) [20]
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6. THE TE01n RESONATOR WITH LOW-LOSS TEST SPECIMEN

The following discussion is based on the procedures developed by

Professor W. Jackson and students (2) and by Hughes Aircraft
(3)

Company.
A. The Relative Permittivity of the Specimen

Consider a low-loss dielectric disc*, of thickness b, at one end
of the cavity, as shown in Figure A-6. Using subscripts g and s for
guide (cavity) and specimen, respectively, the field equations at

resonance become:

CAVITY (GUIDE)
z :! - /—%

N~

Z2zph ——m — —— —
— —
PECIMEN

Figure A-6. Geometry of cavity with specimen inserted.

The low-loss restriction is overcome in the analysis given by

(16)

Paris .
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For the unfilled section (b <z < 1):

E6=J0'(k1r)sin6g(z-2) (51)
-iBg _,

H_ = wp* J, (k1) cos Bg (z - 1) (52)
J Kk _

H, =;TL‘>5<—JO (k| r) sin Bg (z - 1) (53)

and for the dielectric specimen portion (0 € z < b):

EO = BJC; (k1 r) sin (k3)sz (54)
kg
H_ = —:ﬁ BJ, (k1) cos (k3)_z (55)
wp
3 ky . 56)
Hz = wp* BJO (kl r) sin (k3)s z (

2

where, as before, k1 = 3,83171/a, ﬁé = w e "Lg' - ki’, and the specimen

1
g
wave number (k3)g’ is determined by

2 2 % % 2
- - 57
3)5 W™ (e, M) - Ky (57)

where S: and u: are, respectively, the specimen permittivity and
permeability.

Assuming no attenuation®in the dielectric specimen (valid for
tan § < 0.1) one can set

(k = B (58)

3)S s

*See also Ref. (16).
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and then we obtain

; 2 2 ., 2
BE = W (el nl) -k (59)

where the asterisks have been replaced by the real components
Finally, by matching Eq and Hr (and their derivatives) at the

boundary z = b, we obtain

B sin B b = - sin ﬁg (2- D) (60)

B ﬁs cos [38 b ﬁg cos Bg (2 -Db) (61)

sinf_ (£-Db)
Hence, B = - g (62)
sin B b

and the resonance condition is characterized by

tan B b tan B (g2 - b)
s _ g (63)

 Ps Pg

The total length of the cavity with the specimens inserted is not
directly measurable. What one measures is the shift x :,lm -L =
£ - L, where L is the micrometer reading at the TE015 mode with
specimen in cavity, and L, is the micrometer reading at the TEq 4
mode of the empty cavity. Then, since [SgL =4 , tan ﬁg(l-b) =
tan Bg (x + L - b) =tan Bg (x - b), and the right side of Eq. (63)
is known. With the aid of tables, or by computer search, one then
finds Bg b, and hence Bg. The solution is not single-valued, but the
proper choice is resolved if the approximate value of the dielectric

constant is known, or by repeating the measurement with a slightly

different specimen thickness. It is desirable to make the specimen
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thickness, b, an integral value, n, of Xs = gn
s

wavelength in the specimen. When n is even, the quantity n is unaf-

where g is the

fected by small changes in b since the air-dielectric interface is in a

region of weak electric field(17).

It is now necessary to calculate the relative dielectric constant
?; from Bg- The following approximation is made (non-magnetic

specimen):
bl wg (64)

Then, from Eq. (59)

2
BE + 1 = ¥ (1w (65)
2 LI eé 66
(w eg“g) '{E (66)
2 2 ¢
= (82 1) (22) (67)
g €
g
Hence, approximately,
! 2 2
¢ + k
il et (68)
ﬁg + k1
If the cavity is evacuated, ¢ = € and B _ becomes ﬁg,vac’ Then,

through Eq. (43), Eq. (68) yields the relative dielectric constant of a

(non-magnetic) specimen with respect to vacuum in the form

€ T T (69)
BO
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A better approximation than Eqs. (68) and (69) is obtained by
consideration of Eq. (37), which, for a specimen, may be written as

2 b KR
2 I8 2 (70)

and for a nonmagnetic sample (p.: = p.o) as

2 _ .2 —t . 2 v
Ys = k1 - € (1 - jtanb) ﬁo (71)

where ('YS =a_ +] BS) is the complex propagation constant in the

s
dielectric specimen. When real and imaginary parts are separated,
two equations may be obtained relating @ and Bs with ?'S and tan 6.

After eliminating @ and expanding in powers of tan 6 one obtains

=N

B2+ K 82 + k5 tan®s
= 2= - R +... (72)

4
Po ﬁs

45 or higher. For

where the remaining terms are of the order of tan
tan§ <« 1, Eq. (72) reduces to Eq. (69) .

Similarly, Eq. (68) is an approximation to the more exact general

equation
t
s BZ + k2 BZ + kz 2
- S 1 S 1 tan 6
« = 2.2 \! - 2 - * (73)
ﬁg + Kk B

121



B. The Loss Tangent of the Specimen

Let Q be the quality value for the empty resonator:

Energy stored in resonator dielectric

= 21mf - — -
Q 2 Power dissipated in resonator

(74)

where the power losses include the loss in the metal walls of the cavity.

By a somewhat lengthy procedure it can be shown(3) that

2

. (1 1)(E;Bb'+l)
tan 6 = | =— - = (75)
Qr Q G B% b

where QT is the Q of a cavity containing a specimen (whose losses are
considered); Q' is an idealized Q of the cavity containing a lossless
specimen of the same relative permittivity as the actual specimen; { is
the cavity resonant length; b' is a modified specimen thickness, related

to the actual thickness b by:

sinZBsb
b' = b 1'_28_sb_ (76)

and B is given by Eq. (62), that is,

sin Bg (2 -Db)

B = - : (77)
sin Bs

Through an involved calculation it can also be shown that the

quantity QT is related to the half-width A4 of the resonance peak
(frequency w held constant and the length 1 of the cavity variable), and

that the loss tangent is given by

2
B
B: B2 b
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where e's is obtained by Eqs. (69) or (68) depending on whether the
cavity is evacuated or not. C is a correction term, generally small

with respect to A4, and given by

B2\ kf
c=%af1+8%2 = -1 (BZb' + 1) (79)

a 2 2

Bg Bg

where 14' is a modified cavity length given by:

sin 28, (&-b))

L = (4 - D) (1 e Y NS (80)
g

and d is the skin depth of the cavity material. The quantity d/a must be

inferred from measurements on the empty cavity, through the expression

2
8 AL
= g A (81)

2 2
ko + ZBg (a/L)

ola

where A1, is the half-width of the resonance peak of the empty cavity,

and L is the resonant 1ength.

7. SUMMARY

With the TE,, resonant cavity dielectrometer, the specimen
relative dielectric constant is obtained by Eq. (73) and the loss tangent
through Eq. (78).

Since the calculations are laborious, it is advisable to program

them for a high speed electronic computer.
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HUGHES AIRCRAFT COMPANY

INTERDEPARTMENTAL CORRESPONDENCE

To:C., A, Escoffery DATE: 17 August 1965
ORG. rRer. 2782.3/130

SUBJECT: An Integrating Sphere for Measuring

FRom: T, P. Handy
the Reflectance of Irradiated orG. 27-82-00
Materialsl
BLDG. 5 MAIL STA. B-1L6
ext. L7l

The preliminary investigations of the integrating sphere are now

completed. The suggested arrangement of sphere and monochromator to be

used is shown in Figure 1.

end folding
Leiss mi rror
monochromator
with

quartz prism

3rd folding
mirror

1st 2nd condensing
condensing mirror ,
nirror
-
l
integrating ~detector
sphere |
light —
source “’iiﬁjfblding
mi rror
= sample port
Figure I-1. Optical schematic of integrating sphere and its optics
1l

Ref. HAC Technical Proposal TP-632 (65H-2961/AT419), April 1965, "Combined
Effects of Space Environmental Parameters on Space Vehicle Materials"
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To keep the measurement errors small, the illuminated area at the sample
port must be as small as possible. If tne sample port is too small, the
incident light beam will be so much larger than the sample that an excessive
amount of energy will be lost. Also, if the monochromator slit is focused
directly on the sample, the sample will have to be long and very narrow. This
presents a serious construction problem due to the length of the slit that
must be formed in the curved sphere surface. However, it was found that by
defocusing, as shown in Figure 1, and by masking the entrance slit of the
monochromator, a square area could be illuminated. By properly adjusting
the optics, this area will be well defined and sufficiently small. This
arrangement will reduce the loss of effective internal area of the sphere
and will minimize the image area, which significantly reduces the system
error.

An analysis was made to determine the errors introduced by various values
of sample area, C, and of internal sphere area, S, versus true sample reflec-

tance, Rg. The error analysis was based on the work of Fussel, et al:2

Bg R L (Rgp - Bg)C 1)
il §- 10 - RC

vhere
BS = total light flux passing into the detector port when the test
sample is over the sample port
BST = total light flux passing into the detector port when the reflectance
standard is over the sample port
RS = true reflectance of test sample

RST = true reflectance of the reflectance standard
R = reflectance of the interior of the sphere
D=S-(A+B+C)
S = total internal area of the sphere

A

area of the entrance port

®W. B. Fussell, J. J. Triolo, and F. A. Jerozal, NASA Technical Note D-1Tik,
"Portable Integrating Sphere for Monitoring Reflectance of Spacecraft
Coatings"
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B = area of the detector port
C = area of the sample port

By letting the expression (RST - l:‘s)c
S - RD - RgC| equal "K", Bq. (1) reduces to

B

-ﬁ-s-;RST=Rs-KRS. (2)

The term (-K Rs) represents the magnitude and direction of the error. That
is, if (-K RS) equals -g.oz, then the measured value corrected for the reflec-
tance of the standard -]-3-2; RST will be two percent lower than the true value
of Rs Note that (BS/BST) is the measured reflectance of the sample as compared
to that of the reflectance standard. It was noted that the error function
(-K Rs) is not very dependent upon the value of A, the area of the entrance
port. Since (-K Rs) is quite dependent upon the total internal area of the
sphere and the area of the sample port, its value was calculated for several
values of these two variables. Figure 2 shows (-K Rs) as a function of Ry,
the true sample reflectance for several values of C, the sample port area, and
two vatues of Rgn. Figure 3 shows (-K Rs) as a function of Ry for several
values of S, the internal area of the sphere, and two values of BST'

From Figures 2 and 3, it is seen that if the area of the sample port is
less than 0.05 square inch, and the internal area of the sphere is approxi-
mately 20 square inches, the maximum error (-K RS) vill be less than one percent.

On this basis, it is proposed that the entrance port dimension should be
0.25 x 0.50 inch (0.125 1n2), the internal area of the sphere should be approxi-
mately 20 in2, and the sample dimensions should be 0.20 x 0.20 inch (0.00 in?).

As an aid in aligning the entrance and sample ports, it is suggested that
the portion of the sphere immediately surrounding the entrance port be made in
the form of a cylindrical plug (see Figure 4). This will also make the unit
more versatile, as it will be easy to change the configuration of the ports.

fp#ﬂfk/’

T. P. Handy

Approved é! . é (2] zé //‘472
TPH:dr R. H. Frels, Head, Optics Section
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